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I. PROGRAM SLMMARY 1969-73

A. Most Significant Accomplishments

1. The establishment of a totally interdibciplinary effort in which the

areas of physiology, psychology, and engineering interface to provide

an optimal research capability. This interdisciplinary effort has also

provided a major impact on the research and teaching capabilities of

this University's Biomedical Engineering Program.

2. Development of a center of excellence as a resource for iupport of

the DOD mission.

3. Establishment of effective communicatioa links and collaborative

efforts among othet Air Force Contractors and Air Forcre Research

Laboratories to provide continuing two way flow of information.

4. Organization and presentation of the first national symposium on

Chronically Implanted Cardiovascular Instrumentation, and pulJli-

cation of the results by Academic Press.

5. Development of a Standard Experimental Preparation (SEP) for eval-

uation of the Physiological and Biomechanical responses to environ-

mental stresses. The SEP includes awake and anesthetized animals

with acutely and chronically placed instrumentation providing

a broad range of variables appropriate for analysis of the effects

j of single and multiple stressful stimuli.

6. Implementation of the SEP for study of awake, chronically instru-

mented animals exposed to vibration stress, the first series of in-

vestigations of this type to be reported.

7. Combining the capabilities supported by this contract with additional

support from the Vibration Branch, Wright-Patterson AFB, to measure

multiple physiological variables in a monkey performing a tracking



task. Preliminary results were described in a Technical Report

9 published by the Vibrations Branch and a second Technical Report

is in press.

8. Determination of the facts that (1) a major factor underlying the

cardiovascula: effects of vibration in dogs is peak net transmitted

force; (2) maximum force transmission in dogs and monkeys is in the

3 to 6 Hz range for acceleration levels of IG and above; (3) use of

frequency, displacement, or acceleration alone does not give the

consistent response pattern observed with peak net force as the para-

meter; and (4) with repeated exposure, force transmission and heart

rate extremes decrease, just as in human subjects.

9. Development of a closed-loop, distributed parameter computer model

which accounts for some of the wave characteristics of transient

flow and for the motion induced in the circulatory system by vibra-

tion.

10. Development of a novel approach for quantifying the coefficients of

a two-mass, single-degree-of-freedom,bio-vibrational model and demon-

stration of its validity for predicting the mechanical Impedance of

the sitting primate during sinusiodal vibration.

11. Demonstration in the intact left ventricle that the elastic modulus

(E) is a linear function of the mean tangential stress (a) through-

out isovolumetric systole, and the slope (K, modulus of stiffness)

of the E vs. a curve is 18.8, with one standard deviation of 0.9.

I This is the first known evaluation of the relationship between the

elastic modulus and the mean tangential stress of canine cardiac

muscle.

12. Demonstration of the relationship between a decrease in the amplitude

of the somatosensory cortical evoked potential and the development

of irreversible hemorrhagic shock.
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C, Summary of Experimental Program

Of the various stresses imposed upon subjects performing critical tasks,

time dependent accelerations (vibration) can produce some of the greatest dis-

comfort and decrements in performance. The effects of this stress on the car-

diovascular system are being investigated at this laboratory. Instrumented

animals are used to evaluate the cardiovascular changes produced by whole body,

sirusoidal vibration. Experiments are designed to evaluate the role of the five

major mechanisms which current evidernce indicates are the main factors produc-

ing thase changes. The mechatiisms important for vibrational stre s of a given

frequency, displacement, acceleration, transmitted force, axis, and duration are:

1. Reaction of the fluid and vessel system as determined by its mass,

elastic, and damping characteristics.

2. Reaction of large hody organ systems and the musculoskeletal sys-

tem as determined by their mass, elastic and damping characteristics.

3. Reaction of the mechanoreceptors of the cardiovascular regulatory

system as determined by the relationships to the fluid and vessel

system, large body organ systems, and the musculoskeletal system

and its mechancreceptors.

4. Reaction of the endocrine, metabolic - hematological system as deter-

mined by Lhe relationships to the musculoakeletal and large body

organ systems.

5. Response mediation ot the central nervous syscem and the psychophysio-

logical byStem of conscious subjects acting through the above pathways

to produce furthar alterations in metabolic and cardiovascular function.

--Cardiovascular, hematological, and mechanical variablea are used to evalu-

ate the overall stress level and the role of the above mechanisms. Anesthe-

tized and awake animals are used for both short and long term (30 sec. to 6 hr.)

vibration stress exposures.

7
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General Experimental Protocol: Responses of acutely and chronically instru-

mented dogs, rrimates and pigs have been studied. Special emphasis has been

placed on the chronically implanted preparation which permits repeated awake

aLid anesthetized tests on the same animal. Additional advantages include

the closed chest protocol and more stable transducer characteristics, espe-

cially important for the vibration environment. Animals are restrained on

the hydraulic table with the spine vertical, and vibrated along that axis.

Short term tests consist of sequential exposures to sinusoidal 1,cticion of

2-12 Hz and acceleration amplitudes ranging from 0.5 G to 3.0 G for 30 sec.,

2 min., and 5 min. intervals. Long term exposures include durations vary-

ing trom 30 min. to 6 hrs. at a selected vibration frequency and constant

acceleration amplitude. The highest g-level for the awake animal is 1.5 g,

b and for the anesthetized animal is 3.0 g. The cardiovascular variables in-

clude heart rate, flow velocity from the aorta and peripheral arteries, ar-

terial pressures from acceleration-insensitive intraaortic and intraventri-

cular transducers, 02 consumption and body temp. and blood chemistries such

jI as blood gases, cortisol, free fatty acids, and glucose, ueasured on samples

withdrawn from indwelling atrial and arterial catheters. The design of the

vibration exciters permits recording of force transmitted between subject and

table, and also the vibration exci ter velocity. From these variables and their

phase relationship, complex mechanical velocity impedance can be determined.

In addition, accelerometers implanted on large body organs provide information

I | on the displacement of these organs relative to the animal torso and the input

vibration. A Raytheon 704 data acquisition system is being programed for off-

I line and on-line analysis of the massive amount of cardiovascular and mechanical

data. Additional aspects of the research program include analog and digital

computer simulation of the effects of sinusoidal vibration on the hydraulic

8



and mechanical aspects of the cardiovascular system. The results from the com-

puter study guide the planning of animal experiments and aid in the analysis of

I experimental data.

Results

A. Short term exposure: In an -ffort to identify the parameters of vibration

which may serve best as an index of stress to the cardiovascular system, special

emphasis has been given to the role of the peak net force (PNF) transmitted be-

tweLn the animal and vibration exciter. A whole body resonance at 3-4 Hz was

found for seven awake dogs tested at 1G acceleration amplitude. At this frequency

(f), peak net force was about 1.7 times the body weight. For frequencies up to

and including 6 Hz, the animal still transmitted a piak force greater than body

weight (BW). Beyond 6 Hz this force continually decreased until at 30 Hz a

j peak force of only about 15% of body weight resulted. The effects of anesthesia

as reflected in the force transmission data show, in general, that the anes-

thetized animal trausmits approximately 30% more force at resonance and has a

j resonant frequency 1 to 2 Hz lower than the awake animal. At higher frequencies

there have been no consistent force transmission differences between awake and

j anesthetized dogs. When the percent change in mean aortic flow (MAF) for the awake

dogs was plotted versus PNF/BW, a linear relationship was found. Changes in MAF

- ranged from -30 to +150%. At this time, it appears PNF/BW describes best the

changes in MAF, with only secondary correlations existing for frequency, acceleration =

and displacczent. The mechanisms responsible for these changes in dogs (7 dogs,

10 experiments) can be provisionally catalogued as follows:

1. Changes in mean heart rate (MNIR) and relatively small changes in

stroke volume: Data from three tests showed a linear relationship

between % change in MHR and peak net force, with stroke volume

relatively unchanged.

91
I o



2. Changes in stroke volume (SV) and relatively small changes in MHR:

Data from four tests showed a linear relationship between % change

in stroke volume and peak net force, with % change in MHR relatively

unchanged.

3. Equal changes in MRR and stroke volume: Data from three tests showed

linear relationship between both % change in 14R, and % change in

stroke volume and peak net force,

Furthermore, the type of changes in MAF could be correlated with pre-vibra-

tion values of 1WR and SV. For example, if the previbration MRR was low, in-

creases in MAF occurred principally by an increase in HR. (Category 1). If,

however, previbration M14R was high, increases in MAF resulted from an increase

in SV. (Category 2).

Similar observations were made for the data of the anesthetized dogs except

that Category 3 was not as evident and that the previbration anesthesia profile

also influenced thZ ;4La. The slope of the line of MAF vs PNF/BW (best fit) for

the data from 10 tests on 7 awake dogs and 7 anesthetized dogs was analyzed. For

those experiments in which increases in 1AF were produced principally by increases

in SV no significant differences were found between awake and anesthetized dogs run

on the same vibration tests. When an increase in MHR was used to increase MAF,

the slope of the line ot MAF vs (PNF/BW) for the awake animals was 67% higher than

that of the anesthetized animals data. Changes in MAF were found also to vary

linearly with the log (MHiR/vib. freq.).

-I In addition, transmissibility of the root of the aorta was found to be lin-

early related to PNF/BW, extremely dependent on vibration frequency, and to have

a resonance at approximately 4 Hz, at which frequency the applied vibration ampli-

tude (acceleration) was amplified approximately 2.4 times.

10
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B. Long term exposure: For 90 _'n. exposures at a constant frequency and G

level, no consistent changes in MAY were observed. The fluctuations which

occurred over time were more numerous at 4 Hz (0.75G, than at 6 or 10 Hz. Of

the limited tests performed, one out of 5 awake dogs changed KAF through signif-

icant changes in N}HR and lesser changes in SV. Two out of five dogs changed

MAF through significant changes in SV and lesser changes in MHlR. No consistant

changes in PNF/BW vs time were observed. Similarly, no definite trends were

seen in tracking monkeys repeatedly exposed to multiple frequencies Ip to 3

hours duration.

C. Computer Model: A lumped parameter model was used to aid in determining

the passive mechanical and hydraulic contribution to the total physiological re-

sponse of the awake dogs tj vibration. The effects of vibration are modeled by

pressure source terms generated from values of the vibration g-level or result-

ing transmitted force. These pressure disturbances propagate and reflect, adding

I
and subtracting with the prescure generated by the action of th2 heart, and as

a result produce changes in flow as well. The value of PNF/BW vs f from the

I animal experiments was used to establish the values of the source terms for the

- different simulated vibration frequencies. Heart rate was varied in the model

as observed in the animal experiment. The computer response of MAF vs PNF/BW

was similar to those of the animal experiments with the actual % change values

close to those found fcr the anesthetized dogs, in which SV remained relatively

I constant and HR changed, e.g. maximum % change in MAF was approximately 25%.

I Discussion:

From a preliminary analysis of the data, it appears that of the changes in

MAF (via changes in SV) of awake and anesthetized dogs subjected to vibration,

approximately 60 to 70% is due tu one or a combination of the mechanisms 3, 4

I ind 5 (i.e. reaction of mechanoreceptors of the cardiovascular regulatory sys-

I.Lvw Lim~A~LJ hJtau li.;' LuA~Lu v icLV 'LV..tL, at LL'e C Y.I:Phy y j iiiy u.LtJ au ,L ya1 I , wltlL



remaining 30 to 40% due to mechanisms I and 2 (i.e. reaction of the fluid vessel

system, and the large body organ and musculoskeletal system). A comparison of

the computer model studies with the anesthetized animal data in which changes in

MAF were produced principally by changes in MHR, indicates that this anesthetiked

preparation, to the first approximation, respnnds as a passive "mechanical" sys-

tem. Furthermore, the correlation of MAF with the ratio of heart frequency/table

freqiency suggests the influence of the phase relationship between the heart cycle

and the vibration cycle (through the pathways of mechanism 1) in producing changes

in MAY.

Analysis of these data indicates that in addition to the passive mechanical

aspects, substantial changes are produced by other regulatory feedback mechanisms

sensitive to vibrations. These vibration receptors may lead to sympathetic stimu-

lation and/or possible heterometric regulation in the heart. The relative role

) of these various active mechanisms in producing changes in MAF is certainly not

clear at this time. However, similar interactions between HR and SV in generat-

j ing MAF as observed for these vibration studies have also been described for ex-

ercise. It will be of value to investigate thi.s point further. Nevertheless,

the use of awake animals for assessing the effects of vibrational stress on the

cardiovascular system has been found most valuable. In addition, PNF/BW is an

especially important parameter in assessing changes in MAF during vibrational

stress. It is recommended that future studies should investigate the neural and

mechanical mediation involved in the response of the cardiovascular system to vi-

I bration.

I
I
!

12



!T

I

I

II
I
I



II. PROGRESS REPORT 1972-73

A. Introduction

Of the various stresses imposed upon subjects performing critical tasks,

time dependent accelerations (vibration) can produce some of L1h greatest dis-

comfort and decrements in performance. The effects of this stress on the

cardiovascuit~r system are being investigated and are the subject of this re-

port. Instrumented animals are used to evaluate the cardiovascular changes pro-

duced by whole body, sinusoidal vibration. Experiments are designed to eval-

uate the role of the five major mechanisms which current evidence indicates are

the main factors producing these changes. The mechanisms important for vibra-

tional stress of a given frequency, displacement, acceleration, transmitted

force, axis, and duration are:

1. Reaction of the fluid and vessel system as determined by its mass,

elastic, and damping characteristics.

2. Reaction of large body organ systems and the musculoskeletal sys-

tem as determined by their mass, elastic and damping characteristics.

13. Reaction of the mechanoreceptors of the cardiovascular regulatory

system as determined by the relationships to the fluid and vessel

system large body organ systems, and the musculoskeletal system

and its mechanoreceptors.

4. Reaction of the hormonal, metabolic - hematological systems as deter- j

j mined by the relationships to the musculoskeletal and large body organ

* Isystems.

5. Response mediation of the central nervous system and the psychophysio-

logical system of conscious subjects acting through the above pathways

to produce further alterations in metabolic and cardiovascular function.

r i A proposed model of the interaction of these five mechanisms is illustrated

in the block diagram of Figure 1. Cardiovascular, metabolic, hematological., and
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mechanical variables are used to evaluate the overall stress level and the

role of the above mechanisms. The following is a review of the available

information on the relationship between the mechanical and physiological

responses in animals and man exposed to vibrational stress.

Vibration Parameters: Any given vibration is characterized by its frequency,

displacement, velocity, acceleration and waveform. While these parameters may

define the vibration applied to a subject, they are not necessarily transmitted

equally to all parts of the subject. For example the head m±ght well vibrate

with a displacement, velocity, acceleration, and waveform vastly different from

that applied at the subject-vibration exciter interface. Thus, while certain

parameters define the applied vibration, other parameters, dependent upon the

properties of the vibrated subject, are necessary to characterize the response

of the subject to the applied vibration. Such parameters include the trans-

mitted force at the sutject-vibration exciter interface, resonant frequencies

(those frequencies corresponding to the maxima of total, integrated whole-body

displacement with respect to the applied displacement), and the transmissibility

of a particular body segment (transmissibility is defined simply as the ratio

of the vibration amplitude of any given segment, e.g. the head, heart, shoulder,

etc., to the applied vibration amplitude, measured at vibration exciter).

When attempting to determine the vibration response of any system the ini-

tial question arises as to what scheme of applied vibration parameters should

be used? Consider the case of sinusoidal vibration where the displacement (x)

is x - x sin wt, the velocity (v) is v - x0 cos wt and the acceleration (a)

is a - -x w sin wt. The peak acceleration amplitude relative to the gravita-0 2

j tional constant g is often times written as a - xow and referred to as "G

level".

Some investigators favor applying various vibration frequencies each hav-

ing the same displacement amplitude, x ; however, for this avoroarh ;4 fe__ nc.
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increases the peak acceleration, a, increases with frequexucy squared. There-

fore going from I to 10 Hz requires a peak acceleration 100 times greater at

10 Hz than at 1 Hz. Thus, this approach necessitates a very low acceleration

amplitude at the lowest frequency in order to avoid lethal accelerations at

the higher frequencies. A similar, but less extremc, condition results by

applying different frequencies each with the same peak velocity, xow. For

this case ab .he frequency is increased the displacement amplitude must be

reduced inversely with the frequency and the acceleration amplitude will in-

crease linearly with frequency. The most cownri method employed by biovibra-

tory investigators has been to apply various frequencies each having the same
2

acceleration amplitude, xoW . For increasing frequencies, this approach re-
i g

quires decreasing the diPplacemenr amplitude by the invwrse frequency squared.

For any given peak acceleration the largest displacement amplitude is therefore

,equired at the lowest frequency, and aecreases rapidly with increas~ing fre-

quency. From a mechanical viewpoint this constant peak acceleration approach

j has two important advantages; namely (1) mechanical measurements can be com-

pared directly to the response of an "inert" mass of weight equal to that of

the subject, since in this case the peak force transmitted between the vibra-

tion exciter and the imaginary inert mass is independent of frequency, and

(2) from a practical view point, Zhe displacement, velocity, and acceleration

limits of the vibration exciter are not as easily exceeded using this approach

as compared to applying various frequencies at either a constant displacemenL

or velocity amplitude. Further information pertinent to this discussion is

given by Lange and Edwards (1970).

A unique feature incorporated with the Wenner-Gren Research Laboratory's

vibration exciters is a force measurement unit (force cell) which, during vi-

bration, provides an analog output voltage proportional to the net force trans-

~ -. r.,on-Ad rectrzaint, .^-. "C- ".i-vC-_'C--d" fOIC ra!IM1 G Ett 'A.~ c Z < -4
IdI



increases the peak acceleration, a, increases with frequency squared. There-

fore going from 1 to 10 Hz requires a peak acceleration 100 times greater at

10 Hz than at I Hz. Thus, this approach necessitates a very low acceleration

amplitude at the lowest frequency in order to avoid lethal accelerations at

the higher frequencies. A similar, but less extreme, condition results by

applying differert frequencies each with the same peak velocity, xow. For

this case as the frequency is increased the displacement amplitude must be

reduced inversely with the frequency and the acceleration amplitude will in-

crease linearly with frequency. The most common method employed by biovibra-

tory inv•atigators has been to apply various frequencies each having the same
2

acceleration amplitude, o For increasing frep,,acies, this approach re-

quires decreasing the displacement amplitude by the inverse frequency squared.

For any given peak acceleration the largest displacement amplitude is therefore

required at the lowest frequency, and decreases r7ridly with increasing fre-

i quency. From a mechanical viewpoint this constant peak acceleration approach

= has two important advantages; namely (1) mechanical measurements can be com-

pared directly to the response of an "inert" mass of weight equal to that of

I the subject, since in this case the peak force transmitted between the vibra.-

tion exciter and the imaginary inert mass is independent of frequency, and

(2) from a practical view poir~t, the displacement, velocity, and acceleration

limits of the vibration exciter are not as easily exceeded using this approach

as compared to applying various frequencies at either a constant displacement

j i or velocity amplitude. Further informtion pertinent to th.s discussion is

giren by Lange and Edwards (1970).

A unique feature incorporated with the Wenner-Gren Research Laboratory's

- I vibration exciters is a force measurement unit (force cell) which, during vi-

bration, provides an analog output voltage proportional to the net force trans-

i mission between subject and restraint, i.e. the "live-load" force transmission
If



occurring at the animal-seat interface, Shairp (1963). The force transmitted

between animal and support (restraint) during vibration reflects the relative

movement of internal body organ systems and parts. Correlations of large

transmitted force values to corresponding changes in circulatory parameters

can indicate that movement of internal systems caused the observed circula-

tory changes via vessel occlusion, mechanical stimulation of the heart and/

or vessels, reciprocating internal pressures, mecbanical stimulation of regu-

latory receptors, etc.

Literature Review: Numerous invectig;:ions have been concerned with establish-

ing the meciianical response of man and animals to whole-body mechanical vibra-

tion. Coermann (1962) applied the theory of mechanical impedance of systems

with one or more degrees of freedom to sitting and standing man vibrated at

frequencies from 1 to 20 Hz. ::e was one of the first investigators to demon-

strate that the force transmission response of man to whole-body vibration

S could be approximated by that of a simple mechanical system consisting of inter-

connected linear inertial, elastic, and damping components. Experimental data

L confirmed results predicted by his model, i.e., that man had a primary whole-

body resonance in the 4 to 8 Hz frequency range. Thus, it was quantitatively

established that vibration frequencies between 4 and 8 Hz induced the greatest

f internal body organ movement relative to that input to the body by the vibra-

tion exciter. White, et al. (1962) reported the effects of mechanically induced

vibration upon the human abdomen by measuring the pressure at the rectal end

of the colon sigmoideum. For the semi-supine posture a mean "peak-to-peak"

vibration induced fluctuation of 57 wmslg at 4 and 4.5 Hz was recorded. The

prtssure resonances were correlated to resonances of body organs in the thoraco-

abdominal region. Clark et al. (1963) determined the effects of forced vibra-

I tion by measuring from semi-supine man the circumferential body strain of

_Chest, ab ..... pi.. .. A 44gho All ,shubeern Ahowed maximum body strain
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near 7 Hz. Zechman et al. (1965) reported maxima of seated man's transpulmonary

pressure during 5 Hz vibration for 0.5 G acceleration amplitude. Lange and

Edwards (1970) vibrated hum3n subjects in the supine atticude from 2 to 14 Hz

and 0.2 to 0.5 G. A principal body resonance was reported between 5 and 7.5

Hz, where also the maximum body strain was recorded. Using skeletal muscle

tonus as a parameter they found that muscle tightening increased the whole-body

transmitted force by as much as 50% during vibration at the resonant frequency.

Edwards and Knapp (1972) recorded the force transmitted during repeated vibra-

tion of awake dogs. Results indicated reductions as great as 36% in the trans-

mitted force recorded from the initial to the 7th exposure of one animal during

4 Hz vibration at 0.7g. Evees and McElhaney (1971) studied the effects of

drugs on the mechanical response of dogs to vibration and reported that drugs

produced measurable changes.

The nonlinear behavior of biomechanical systems has been the subject of

several investigations. Krause and Lange (1963) described such behavior during

vibration at various acceleration amp±itudes over the 2 to 15 Hz frequency range.

Wittman and Phillips (1969) also presented data that indicated the recognition

of nonlinearities as seen in the measured impedance response of human subjects

seated erect in several impact and vibrational environments. Vykukal (1968)

combined a sustained acceleration (via a centrifuge) with vibration to study

"man's nonlinear mechanical response, and Vogt et al. (1973) used a similar ex-

perimental technique to conclude that the human body stiffens with increasing

sustained accelerations, and that the resonant frequency increases from 6 Hz

under normal gravity to 8, 11, 13, and 15 Hz with 2 Gx, 3 Gx, 4 Gx, and 5 Gx,

respectively,

Efforts have also been directed toward establishing tolerance criteria for

man exposed to vibration. Magid and Coermann (1960) vibrated seated human sub-

jects at various frequencies, each with increasing amplitude at 0.75 ,m per sec-

ond until the subject reported that he felt actual bodily harm would result (thin
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limit being beyond discomfort). Results indicated minimal short time tolerance

between 4 and 8 Hz at accelerations between 1.5 and 2.0 G. Ziegenruecker and

Magid (1959) in a similar investigation presented a "short time tolerance" curve

to sinusoidal vibration by gathering subjective dpta from man tinder vibration at

P various frequencies and amplitudeq, i.e., at various accelerations.

Von Gierke (1971) chaired a symposium on "Biodynamic Models and their

Application" for establishment of environmental exposure limits, for intrepre-

tation of animal, dummy, and operational experiments, mechanical characLeri-

zation of living tissue and isolated organs, models to describe man's response

to impact, blast, and acoustic energy, and performance in biodynamic environ-

ments. Because of man's obvious limitations as a subject in biodynamic experi-

ments, animal surrogates have been used in many studies. Bantle (1971) used

three vibration conditions to determine which was the most damaging to 4 1/2

b and 7 day mouse embryos. It was found that a 20 Hz (visceral resonant frequency)

vibration was the most destruztive, and the 4 1/4 day embryo was the most labile.

He reported that vibration typically inhibited embryonic growth. Ashe et al.

(1961) recorded body weight and camperature of rats subjected to whole body

vibration and showed that observed and measured differences to changes in fre-

quency and amplitude indicated that both factors played a role, but calculations

indicated that the common denominator was not simply acceleration.

In animals subjected to very high levels of acceleration (0.6 to 50 g) and

various frequencies, tissue damage and survival correlaLed with ruechanical re-

ponse (Pape, et al., 1963; Boorstin, et al., 1966). Clearly, there are signifi-

cant body resonances, particularly in the range below 12 Hz. Organ system re-

sonances account, in part, for the subjective discomforts experienced by humans

(Pape, et al., 1963). The type of symptoms occurring in human subjects appear

• I related to both displacement and acceleration (Linder, 1962). The symptoms

appeared somewhat dependent upon the acceleration level reached in the studies;

of Temple, et al. (1964) also.

18



Several studies have dealt with analytical models which help to explain the

mechanical response of subjects to vibration. Broderson and Von Gierke (1971) in-

vestigated the biomechanical parameters of the sitting rhesus monkey and their tem-

poral changes during sinusoidal vibration at frequencies from 6 to 30 Hz. Results

- showed impedance magnitude and phase angle to decrease with time. The authors also

derived a simple model for the impedance response of the sitting rhesus monkey.

Payne and Band (1971) developed a "four-degree-of-freedom" lumped parameter model

7 for seated man to study the problem of his response to vettical accelerations.

Broderson (1972) conducted a study investigating the biothermal response of

j rhesus monkeys to mechanical vibration. He concluded that core temperature in-

crit. -. d particularly at resonanca and varied with frequency. Prolonged l.Og vibra-

S• 30 Hz were shown to increase core temperature by about 1/2 C, and %he

*|.y mechanism was speculated to be frictional dissipation. Lafferty et al.

(1973) and Edwards and Lafferty (1973) also conducted studies concerned with tie

response of the rhesus monkey to mechanical vibration. The mechalical impedance

response, its variation with time during vibration at a given frequency and ac el-

S teration amplitude, and a mechanical model to predict the impedance response at

different frequencies and accelerations up t- 1.0 G are described by these investi-

gators. The effect of vibration on a performance task, and related changes in

physiological parameters were also discussed. `

The effects of vibration on performance has been the subject of many investi-

I gations. Lange and Coermann (1963) measured the visual acuity of human subjects

during whole-body vibration at various low frequeiLcies. They reported that maxi-

mum decrements occurred at those frequencies where resonance of whole body and or-

gan complexes had previously been determined, i.e., 4 - 8 Hz. O'Braint and Ohl-

baum (1970) presented a method to describe the visual efficiency of vibrated man

in terms of a Performance Index.

Studies of human tracking performance showed inconsistent effects when

different frequencies and accelerations were the parameters (Frazer, et al.,
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1961). In seated subjects performing a light-pattern psychomotor task using

a control stick, Fraser, et al. (1961) found displacement to be the predo-

mirant factor in determining p•rformance decrement. An increase in ei'-'.er

displacement or frequency was significantly related to performance decrement,

but a combination of any frequency with the lowest displacement did not pro-

duce a performance decrement. Increase in displacemert at any frequency did

produce a decrement which could be intensified by change:, in frequency. The

frequencies used were 2, 4, 7, and 12 Hz at displacements o. 0.1'5, 0-25, 0.375,

and 0.5 in.double amplitudes. Maximum peak acceleration was 3.67 g. Regression

analysis showed mean error was most closely correlated to the product of the

displacement and the square root of the frequency. Interestingly, the frictional

resistance component of surface impedance is also proportional to the square

root of frequency. A function of both displacement and impedance was suggested

as the most satisfactory parameter (Fraser, et al., 1961).

In related studies, Catterson, et al. J1962) extended the analysis of the

role of displacement and frequency in human tracking performance. Exposure

£ duration ý:Lz 23 min at 6, 8, 11, and 15 Hz and displacements of 0.13 and 0.26 in.

double amplitude. A decrease in error occurred at all frequencies for 0.13 in.

displacement, and an increase in error occurred at all frequencies for 0.26 in.

displacement. As pointed out by Catterson, et al., acceleration is proportional

to displacement times frequency squared, and functions determined by acceleration

must reflect changes in frequency to a far greater extent than amplitude.

Grether et al. (1972) extended an earlier study in which they reported that

a combination of heat, nois-, and vibration stress had no greater, and for some

measures slightly less, effect on physiological and performance functions than

did the same levels of heat or vibration alone. The study searched for possible

explanatory mechanisms for the apparently ants onistic stress interaction. It
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-;as postulated that the heat stress might in some way have modified the bio-

dýnamic response of seated man so as to reduce the vibration transmitted to

the subject's body. However, transmissibility data for the shoulder showed

no evidence of any such effect. It was postulated that increased motivation

and application of effort during the combined stress exposures might be the

responsible mechanism. Sommer and Harris (1972) exposed 10 human subjects

to vibration (5 Hz, 0.25 g. and noise (110 dB) while asking them to perform

a men..al arithemetric task. Results suggested that the phase of the cir-

cadian cycle could be a variable to be considered in studies on the effects

of stress on human performance.

The effects of vibration on behavior has also been investigated. Wike

and Wike (1972) reported results from seven experiments on low-frequency,

whole-body vibration of rats as related to their escape conditioning. They

concluded that vibration of sufficient amplitude is aversive for rats and that

its brief termination is reinforcing. A direct relationship was evident be-

tween amplitude and the nutmber uf escape responses when frequency was held

constant and amplitude was varied.

The area receiving the most attention is the effect of vibration on the

cardiovascular system. Roberts and Dines (Oct., 1966) administered propra-

nolol and atropine to anesthetized vibrated dogs and measured heait rate,

cardiac o.,tput, total peripheral resistance, and (d'?/dt) of left ventri-.

cular pressure. They concluded that tachycardia during vibration resulted

from a decrease in vagal efferent activity to the heart. In vibration tests

-using human subjects Roberts et al. (1969) concluded: "(I) clinically use-

ful ECG's can be obtained from human subjects while they are bein! vibrated,r
even at relatively severe intensities, if our recommendations to accomplish

this are followed, W2) short time vibration in the practical range used were

only modecately stressing to healthy subjects, (3) vibration can elicit pre-
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mature extrasystoles in man, (4) changes in configuration of ECO's observed

during vibration were transient, terminating with termination of vibration,

and (5) patterns of pulse rate changes during vibration are variable." Ed-

wards (1970) and Edwards, McCutcheon and Knapp (1972) performed tests in which

dogs were vibrated at 1-3G from 2 to 12 Hz, during which chronically implanted

transducers enabled recording cardicvascular data, and showed the greatest changes

occurred in the 3 to 9 Hz frequency range for any given acceleration amplitude.

3G vibration to 4 Hz pruduced (i) a maximum aortic peak flow rate of more than

twice the maximum recorded from the resting animal, and (2) a minimum aortic

peak flow rate of only 10% of tbh. minimum observed in the resting animal. The

results also indicated a correlation between relative motion of internal masses

and large changes in the circulatcry system during the vibration exposure.

Hooks, Nerem, and Benson (1969) performed a theoretical analysis of pul-

satile flow in a rigid tube with longitudinal vibration by introducing as a

boundary condition a sinusoidal wall velocity. Using a sinusoidal pressure

gradient of constant amplitude they predicted flow rate increases of 400% or

reductios to zero relative to the flow rate which occurred without vibration.

Camil, Knapp, and Collins (1971) used the analog computer to model the response

of the human cardiovascular system to 1-10 Hz sinusoidal vibration. Their

study showed the most pronounced effects at 3-4 Hz for all acceleration ampli-

tudes investigated. For an acceleration amplitude of 3G they reported the

maximuDn difference in peak aortic pressure during one heart cycle tripled and

the maximum peak aortic flow doubled, relative to the control values.

Arntzenius, Koops, and Hugenholtz (1969), Blok et al. (1969), Verdouw,

Arntzeniis, and Noordergraaf (3.969), and Jackson (1971) reported a technique

2
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employing Body Acceleration Synchronous with the Heartbeat (BASH) in which

a particular type of whole-body vibration applied to both animals and man

was reported to enhance cardiovascular performance. The use of vibration

as a noninvasive cardiac assist device was thus reported.

Any effect primarily dependent on the degree of mechanical stimulation

that increases with increasing amplitude of movement should increase

with decreasing frequency if peak acceleration is held constant. If ampli-

tude is held constant, the effect will increase with increasing peak accele-

ration and consequently increase with increasing frequency. This was found

to be true for the responses of hyperventilation (Dixon, et al., 1961) and

peripheral vasodilation (Liedtke and Schmid, 1969). Gaeuman, et al. (1962)

cited the previous reports of Fraser, et al. (1961) and Catterson, et al.

(1962) to substantiate their experimental design for the measurement of oxy-

gen consumption. The subjects were exposed to a constant peak-to-peak dis-

placement of 0.264 in.double amplitude, and frequencies of 2, 6, 8, 11, and

15 Hz. Since displacement amplitude was constant, acceleration should increase

with frequency. The values given for peak acceleration at each frequency

were 0.05, 0.45, 0.82, 1.55, and 2.38 g respectively. A clear frequency-

displacement dependence of oxygen consumption was demonstrated, suggesting

constant displacement was a useful parameter. Hoover and Ashe (1962) used

displacements of 0.124 and 0.250 in.double amplitude at frequencies from 2

to 15 Hz. The peak acceleration range was 0.03 to 2.88 g. The magnitude of

the resulting hyperventilation showed a mixed frequency-displacement depen-

dence. Respiratory rate changes were predominant at a displacement of 0.124 in.,

while tidal volume changes were predominant at a displacement of 0.250 in. They

concluded the respiratory response tended to be related primarily to table

displacement.

Ia
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An initial tachycardia, hypotension, increased cardiac output and de-

creased total peripheral resistance was the characteristic change in the

anesthetized dogs studied by Dines, et al. (1965). The parameters were

frequencies of 4, 7, and 11 Hz at a displacement of 0.5 in. double ampli-

tude. They averaged the responses at all three frequencies, and did state

the blood pressure dip was not evident at 11 Hz.

In contrast, a large body of data supports the primacy of a frequency-

acceleration dependence of the above responses (Guignard, 1960; Goldman & von

Glerke, 19C0; Zechman, et al., 1965; Cavagna, 1970; Edwards, et al., 1972).

Acceleration dependence of cardiovascular changes has also been demon-

strated in animals (Hood and Higgins, 1965; Liedtke aud Schmid, 1969). More

marked physiological effects were found at 1.2 g and 8 and 10 Hz than at

0.6 g and frequencies on either side of that range (Hood, et al., 1966).

Clark, et al. (1967), in studies of anesthetized dogs, found significantly

greater change in multiple systemic cardiovascular variables at 2 than at

I g for frequencies of 10, 12, and 14 Hz. (Apparently 2 g runs were not

made at 6 and 8 Hz).

The changes in oxygen consumption observed by Duffner, et al. (1962)

were maximal at the louest frequencies and greater at 0.35 than at 0.15 g

acceleration.

Another type of physiological interaction of frequency and displace-

ment is illustra~ed by the minchanoreceptor responses. Although the exact

route by which muscle stimulation is connected to carulovascular and res-

piratory responses is unclear, increases in systemic ventilation and blood

pressure are produced by muscle stimulation such as rhythmic manual squeez-

ing at 2 to 3 Hz, and the response ic abolished by cutting the nerve (Guy-

ton, et al., 1972, and McCloskey, er il., 1972). Of course the carotid

sinus also has distinctive frequency-amplitude characteristics, but its
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participation in the responses is likely to be minimal since its sensitivity

is probably reduced (Bristow, et al., 1971).

Acceleration was a much more important factor than duration in cats ex-

posed to severe vibration (10 to 15 g; Pape, et al., 1963). It would thus

appear that dogmatic statements about the interaction of displacement, fre-

quency, and acceleration are inappropriate, and each must be considered in

evaluating the effects of vibration stimulus.

Previous studies of the integrated response of the cardiovascular sys-

tem to vibration have also produced variable and often conflicting results.

Components of cardiovascular function including heart rate, blood pressure,

I and cardiac output have been reported to decrease, increase: o- remain un-

changed du:ing vibration. Hood and Higgins (1965) studied anesthetized,

I supine dogs restrained in a form-fitting metal frame and vibrated in the x-

axis at selected frequency and acceleration levels. Cardiac output increased

as a result of increased heart rate at the higher acceleration levels; i.e.

S stroke volume remained constant. At 6 Hz, mean arteria.. pressure increased

slightly; at 10 Hz, it decreased. Total peripheral resistance was not signif-

l icantl\ altered at 6 Hz but increased at 10 Hz. Overall, they were unable

to identify any main effects of frequency or duration. Main effects of accele-

I ration were present for most of the variables. There were interactions be-

tween acceleration and frequency for heart rate and mean arterial pressure.

In other studies, tachycardia, decreased arterial pressure, increased

I cardiac output, and decreased total peripheral resistance were indicated

(Clark, et al., 1967; Dines, et al., 1965; Hoover, et al., 1961). Clark,

I et al., 1967 found mean arterial blood pressure decreased initially and then

I returned to control levels; stroke index remained constant. The effects

were greater at higher G levels.

25
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In the presence of pharmacological blockage of skeletal muscle contraction,

dog forelimb resistance was decreased by vibration (Liedtke, and Schmid, 1969).

The magnitude of the decrease was reduced with limb devervation but not eliminated.

There are no previous reports of the detailed cardiovascular changes pro-

duced by vibration of unanesthetized animals.

In the human subjects studied by Lamb and Tenney (Lamb, and Tenney,1966),

heart rate and blood pressure were unchanged. Hood, et al., 1966, described in-

creases in mean arteria2 blood pressure, heart rate, and cardiac output in tightly

restrained, semisupine humans exposed to 7 minutes of wholebody, x-axis vibration.

In the tightly restrained, upright human subjects studied by Clark, et al., 1967,

mean arterial blood pressure and heart rate increased slightly, and cardiac index

I. approximately doubled.

The metabolic-hormonal effects of vibration have been similarly variable.

Oxygen consumption has been found to increase, decrease, or remain unchanged

S in both anesthetized dogs and humans (Dixon, et al., 1961; Lamb and Tenney,

1966: Hoover and Aahe, 1962; Hutt, Horvath, and Spurr, 1958; Duffner, Hamilton

I and Schmitz, 1962; Gaeuman, Hoover and Asbe, 1962; Young,, et al., 1963; Hood

I and Higgins, 1965; Hood, et al. 1966). Hood and Higgins, 1965, found decreased

oxygen consumption at 6 and 10 Hz and 0.3 g acceleration amplitude; at 1.3 g

it increased out of proportion to the increase in cardiac output. Levels of

17-hydrocortosone (17-OH-CS), epinephrine, and total catecholamines were ele-

I vated in supine dogs exposed to prolonged periods of whole body, Z-axis vibra-

tion. The effects decreased with increasing displacement and acceleration am-

plitude and were greater in awake than in anesthetized dogs (Black, 1965).

Plasma and urine levels of 17-OH-CS decreased in humans exposed to three periods

r of three minutes of vibration at selected frequencies frum 1 to 20 Hz and accele-

I ration amplitudes of 0.75 to 3 G; even though decreased, values remained within

.uri... •lite (Hom-a. Kanda, and Watanabe, 1971).
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Although the trend of these data bears a superficial resemblance to the

changes occurring with exercise, the responses show great variation and differ

in important ways from those usually produced with exercise. Analysis of the

effects of vibration has been complicated by the limited combinations of fre-

quency and amplitudes of displacement and acceleration used in previous studies.

The purpose of this repurt is to clarify the previous observations on the car-

diovasc'ilar effects of vibration by summarizing results from an extended series

of tests over a wide range of sinusoidal vibration combinations applied to both

awake and anesthetized dogs.

B. Experimental Protocol

Response of acutely and chronically instrumented dogs, primates and pigs

j have been studied. Special emphasis has been placed on the chronically implant-

ed preparation which permits repeated awake and anesthetized tests on the same

animal. Additional advantages of this preparation include the closed chest pro-

tocol and more stable transducer characteristics, especially important for the

vibration environment.

j Animals are restrained on the hydraulic table with the spine vertical, and

vibrated along that axis. Short term tests consist of sequential exposures to

sinusoidal vibration of 2-12 Hz and azceleration amplitudes ranging from 0.5 g

to 3.0 g for 30 sec., 2 min., and 5 min. intervals. Long term exposures in-

clude durations varying from 30 min to 6 hrs. at a selected vibration frequency

and constant acceleration amplitude. The highest g-level for the awake animal

is 1.5 g, and for the anesthetized animal is 3.0 g. The cardiovascular variables

include heart rate, flow velocity from the aorta and per'vheral arteries, arterial

pressures from acceleratio, -insensitive Intraaortic and iptraventricular trans-

ducers, 02 consumption and body temp. and blood chemistries such as blood gases,

j cortisol, free fatty acids, and glucose, measured on samples withdrawn irom in-

dweiliiL6 atrial and arterial ritheters. Tne design of the vibration exciters

2
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permits recording of force transmitted between subject and table, and also the

vibration exciter velocity. From these variables and their phase relationship,

complex mechanical velocity impedance can be determined. In addition, accelero-

meters implanted on large body organs provide information on the displacement

of these organs relativ he animal torso and the input vibration. A Raytheon

704 data acquisition syste. ing programmed for off-line and on-line analysis

of the massive amount of cardiovascular and mechanical data.

1. Animal Preparation: Two basic surgical procedures have been imple-

mented. The most consistent results have been obtained with the intra-thoracic

implantations involving the heart and large vessels. Instrumentation implanted

may include aortic flow probe, aortic and left ventricular pressure transducers,

right and left atrial and subclavian-aortic cannulae, pacemaker on right atrium,

temperature probe within the chest, and an accelerometer (single axis) on the

heart or proximal blood vessel. Abdominal and neck entries have been employed to

a lesser extent for the measurement of peripheral cardiovascular parameters.

The choi.ce of transducers to be implanted in both preparations is flexible

although e.perience has shown that standardizing the surgical procedure and

setting a limit on the number of devices iuplanted is necessary. As part of

the program design, the chronic preparations have allowed a number of differing

experimental protocols to be followed. Such experiments include vertical z-axis

(and more recently, horizontal z-axis) vibration, hypovolemic shock, barorecep-

tor response, and animal performance tasks. A combined chronic-closed chest

and acute-peripheral vessel preparation has also been used successfully.

A healthy animal and reliable implanted instrumentation make a successful

animal preparation and will yield usable physiological data. Individual ani-

mals are tested for acceptance, and these guidelines, combined with previously

published normals, provide control values for post-operative care. Along with
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the hematological variables examined in the implitnted animal, metabolic

and hormonal determinations now include blood ga3es, cortisol, free fatty

acids, and glucose.

Thorough evaluation, regular testing, and recesign of transducers and

materials have become an integral part of our i.aplantation schedule. In

particular, pressure transducers and flow probes (as well as flowmeter in-

strumentation) have been subjected to these ccntinuous tests. Experimental

access to the implanted transducers and catheters stored in a fabric pouch

of the chronic animal is quick and non-traumatic. Details of the animal pre-

paration are presented in Appendix A.

2. Experimental Procedure: On the day of the experiment the dog is

walked to the laboratory and placed in E. nylon mesh sling. The monkeys are

transported to the vibration room in a, open-back restraint chair. While the

leads are removed from the storage pouch, the vibration facilities are cali-

brated. If all the transducers and cannulae are functioning, the animal is

then placed in the vibration chair and firmly restrained. Acute placement

of a transducer, if necessary, is accomplished at this time using a local

anesthetic (Xylocaine) and, if rquired, morphine I.M. (1-3 mg/kg).

Calibration of the pressure ;auges is done with chronically placed cannu-

lae and an extravascular press-ire gauge, making sure that measurements do not

include an additional hydrostatic pressure head. Some of the analog transducer

signals are then sent to the computer for A/D conversion.

Followin3 transducer calibratioa, the dog is placed in the restraint

chair and the restraint chair is then attached to the hydraulic table. Pre-

vibration control and post-vibration recovery periods normally last for 10

to 30 minutes. Depending on the vibration protocol, periodic blood sampling

and instrument re-calibration and balancing may be done before, during, and

after the experiment.
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For an anesthetized preparation, the animal is given an intramuscular

injection of morphine (3 mg/kg), a blood sample for blood gas controls is

withdrawn, and after 30 minutes, the .nimal is anesthetized with chloralose-

urethane given I.V. The level of anesthesia used is that required to sup-

press the voluntary ejection of a tracheotomy tube. The animal is then res-

pirated with room air and blood gases are regularly monitored and controlled

WiLh the respiratory rate and/or volume.

Following the experiment, If the animal is to be used for further study,

the lead connectors are sealed, cleaned, and returned to the pouch which is

closed with interrupted sutures or steel clips. The pouch area is bandaged,

a nylon jacket is placed on the animal (for monkeys, a leather jacket is

also fitted), and the animal is returned to the animal care facility. Further

details of the experimental procedure are presented in Appendix A.

3. Data Acquisition and Analysis: The Raytheon 704 system (Appendix B)

is designed to fulfill two major requirements for the vibrational stress ex-

periments. First, a real-time output of various physiological variables in

terms of graphs on a storage oscilloscope and a printed record on a teletype

is needed. This will provide feedback to the experiment controller so that

the protocol may be varied according to the results being obtained. Secondly,

the data reduction process must be speeded up and improved in accuracy. The

704 is fast enough to provide several real time outputs and at the same time

store data on magnetic tape for later operator-controlled analysis.

The two program systems (Dye Curve and Mean Value) which have been imple-

mented to date are described in detail in Appendix B.

The more ambitious part of the design system is now being developed. Out-

puts of pulsatile as well as average signals will be provided in real time.

A real time CRT display of the physiological and mechanical variables will pro-
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vide compression of the data and feedback to the experimenter. Preliminary

specifications for this system are also presented in Appendix C.

C. Results

1. Experimental

Physiological Responses: For unanesthetized dogs receiving short-term

I30 sec) exposure to vertical, whole-body vibration, the major finding is the

overall linear relationship between mean flow in the ascending aorta (MAF,

equal to cardiac output less coronary flow) and the level of vibration stress

as measured by the ratio of peak net transmitted force to body weight (PNF/BW)

(Fig. 2). For 10 experiments on 6 dogs, the regression equation for the rela-

tionship between percent change in MAF and per cent change in PNF/BW was 0.00

+L.476 PNF/BW, with a standard error of the estimate of ±26.71 and a R(correla-

tion coefficient) of 0.70.

At a PNF/BW level in the range of 1.5 to 2.0 times body weight, near the

maximum values applied in these studies and in the region of resonance, the

mean increase in MAF was 1.6 times the control value. For PNF/B*. levels in the

neighborhood of 0.8 times body weight, a few of the MAF values were unchanged

or decreased from control levels. Extreme values for the change in cardiac out-

put were +150 percent and -30 percent of the control value taken immediately

preceding the exposure.

The relationship between NAU and PNF/BW was much more closely correlated

in indJvidual dogs (Figures 3 a and 4 a). Also, mean aortic blood pressure was

generally unaltervI (Figure 3a) hence total peripheral resistance decreased

(conductance increased). The relative contributions of heart rate and stroke

volume to the incrcazs in MAF exhibited three distinct classifications. In

three of the 10 experiments (2 animals) MAF was increased by increa3ed heart

rate, with minimal or no chinge 4n stroke volume (Category 1, an example of one

animal is shown in Figures 3a, b, and c). In 4 of the 10 experiments (3 animals)
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MAF was altered primarily by changing stroke volume, with little or no hange in

heart rate (Category 2, an example of one animal is shown in Figures 4a, b, ind c).

Approximately equal contributions from changing heart rate and stroke volume were pre-

sent in 3 of the 10 experiments (3 animals); in this category, both variables were

linearly related to PNF/BW (Category 3, an example is shown in Figures 5a, b, and c).

Domination of heart rate as the principal mechanism for increasing MAF ap-

peared to be a function of the heart rate level at the initiation of vibration

exposure pf Category 1 and 2 animals. In those animals with initial heart rates

under 150 beats/mi (BPM), altered heart rate was the major response (Category I);

for those animals with initial heart zates above 150 BPM, altered stroke volume

was dominant (Category 2). Initial heirt rates were not the significant factor

for thosE animals changing both heart rate and stroke volume (Category 3). In

this category initial heart rates ranged from 78 to 204 BPM.

The general pattern in the anesthetized dogs was similar, but grouped res-

sponses showed much more scatter (Figure 6). The regression equation for the

relationship between percenc change in MAF and percent change in PNF/BW was 0.40

+0.15 PNF/BW, with a standard error of the estimate of ±7.8 and a R of 0.27. In-

dividual correlations between MAF and PNF/BW were again high.

t In contrast to the three categories of MAF alteration in the awake animals,

the anesthetized animala increased MAF through only two mechanisms, some exhibiting

a modest increase in heart rate and others a more 3ignificant increase in stroke

volume.

For the 3 of 6 animals altering MAF by a change in heart rate, the mean changes

in the anesthetized animals were 95% lower than those in the unanesthetized animals

(Fig. 7a, b and c). For the 4 of 6 anesthetized animals altering MAF primarily

through changes in stroke volume, the differences were not statistically significant

f:om those of the awake animals (Fig. 8a,b, and c). When examined individually,

the slope of MAF vs PNF/BW varied directly with the initial stroke volume of the

ane3thetized dogs.
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While the stress level as measured from peak net force is of major impor-

tance, it is not the exclusive determinant of the response, for the relation-

ship between the percent change in MAF and the log of the ratio of mean heart

rate to vibration frequency is also linear (Fig. 9).

Mechanical Responses: A portion of the research during the past year in-

volved a coordinated effort between the AFOSR and the AMRL contracts. Work

performed on the latter was primarily directed toward investigating the effects

of vibration upon the tracking performance of Rhesus monkeys. Although the ulti-

mate goals of the two contracts were different, each involved vibration testing

of animals during which mechanical and physiological measurements were made. A

part of the effort on each contract thus complemented the other. One such com-

plementary phase involved the development of a two mass, single-degree-of-free-

dom analytical model to predict the mechanical impedance response of the sitting

Rhesus monkey to 2 to 30 Hz vibration at acceleration amplitudes from 0.5 to 1.0g.

Figure 10 illustrates the sequential development of the model, and figure 11

presents the final model with linear approximations for frequency dependent whole-

body coefficients of elasticity and damping normalized by animal body weight. Fig-

ure 12 cont&ins gr-uns of the elastic and damping coefficients versus frequency.

The values were obtained for each test at each frequency by requiring the impedance

of the model to match that of the primate. A part of the model Is an empirical

equation defining, as a function oF vibration frequency and intensity, the ratio

of non-reactive to reactive animal mass. After normalizing for body mass and

averaging, functions for the elastic and damping coefficients were developed such

that the impedance response of the model closely matched the experimental results

throughout the 2 to 30 Hz range at 0.5 G (see Figure 13) and also at 1.0 G (see

Fip.ure 14). A detailed description of this study can be found in the appendix

in the paper "A Model to Predict the Mechanical Impedance of the Sitting primate
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During Sinusoidal Vibration" by R. G. Edwards and J. F. Laffert- (Appendix D).

The amount of energy dissipated by viscous damping in a vibrated animal can

be derived from the experimentally measured impedance data. Figure 15, for a

sitting Rhesus monkey, contains graphs of dissipated energy versus time of vibra-

tion exposure for three different frequencies, i.e. 6, 12, and 20 Hz, each at

0.5 g acceleration amplitude. Although the data from the 12 and 20 Hz exposures

did not indicate any significant temporal trends, the 6 Hz exposure did indicate

a reduction in dissipated energy with increasing time of vibration exposure. Dur-

ing ten 1.5 g tests of two primates the acceleration at the top of the skull was

recorded. This was accomplished by securely taping to the top of the animal's

head a minute piezo-resistive accelerometer. The sensitive axis of the accelero-

meter was approximately along the axis of vibration. This measurement enabled

the calculation of the ratio of head to vibration exciter acceleration, i.e. the

head to vibration exciter transmissibility. The purpose here was to establish,

as a function of frequency, how much of the input acceleration was actually trans-

mitted to the subject's head. Figure 16 is a graph .1' average head to vibration

exciter transmissibility versus frequency. At 3 Hz the 1.5 g applied to the sub-

Ject resulted in an average peak acceleration at the head of approximately 1.6

times greater than the input value, i.e. of about 2.4 g. From 3 to 30 Hz the

transmissibility decreased with increasing frequency. The acceleration of th,

head at frequencies less than 12 Hz was amplified relative to the input accelera-

tion, i.e. the transmissibility was greater than 1.0, while from 12 to 30 Hz it

was attenuated, i.e. it was less than 1.0. At 30 Hz only 20% of the input accel-

eration was transmitted to the head.

I As an example of the impedance data of the dog tests consider the impedance

modulus and phase angle versus vibration frequency graphs contained tn Figure 17.

Two curves appear on each graph; one for a 1 g test at frequencies from 2 to 20

1iz with the animai ..... --,and th^ other for a cmlar vibration protocol
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but with the subject anesthetized with chloralose -urethane. Relative to the

unanesthetized data, it is apparent from these graphs that aneazhetizing the

animal resulted in a 2 Hz decrease in the primary whole-body impedance resonant

frequency, i.e. from 6 to 4 Hz, and, in general, a more "mass-like" reaponse

(compare to the inert mass, or "mnP impedance response). At frequencies from

7 to 12 Hz the impedance phase angle for the drugged animal is approximately 200

greater than that for the unanesthetized condition. Since the phase angle for an

inert mass is 9Cf, and those for a massless damper and massless spring are, respec-

0
tively, 00and -90, both the impedance modulus and phase angle data reflect a de-

creased muscle tonus, i.e. a decreased whole-body elastic coefficient, for the

anesthetized (relative to the unanesthetized) dog. This kind of impedance data

interpretation is particularly useful where applied in a model from which whole

buody coefficients of elasticity and damping can be extracted.

Similar to the aforementioned transmissibility measurement on the Rhesus

j monkey, it was desired to gain information on the transmissibility of certain

internal organs and vessels for the vibrated dog, i.e. the amount of organ and/or

vessel movement relative to that applied by the vibration excitAr. A minute

Konigsberg piezo-resistive accelerometer (Model A2) was securely sutured to an im-

planted aortic flow transducer on one animal fov the purpose of gaining informa-

f tion as to the amount of input vibration that is transmitted to the aorta. The

upper portion of Figure 18 is a graph of the ratio of acceleration at th, aortic

tranbducur loLation to that of the vibration exciter, i.e. to that of the input

vibration, versus vibration frequency with 0.5, 1.0, and 1.5 g as parameters. The

lower portion of Figure 18 is a corresponding graph of the phase relationship

between the aortic transducer acceleration and that of the vibration exciter.

The elastic nature of the thoracoabdominal system is clearly evident trom these

graphs. Although some differencv do exist as a function of the input accelera-

tion amplitude, a first approximation could well consider the response linear in
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the 2 - 30 Hz range for acceleration amplitudes from 0.5 to 1.5 g. The magni-

t.tde curves clearly show a resonance at 4 Hz. A secondary resonance occurred

at 9 Hz during the 0.5 and 1.0 g tests, but was not present in the 1.5 g test.

During vibration at the 4 Hz primary resonant frequency a transmissibility of

from 2.3 to 2.4 was recorded. For example, during 5 Hz vibration at 1.5 g an

acceleration of epproximately 3.6 S was recorded at the aorta. Beyond approxi-

mately 11 Hz the transmissibility drops below 1.0, i.e. there is less accelera-

tion transmitted to the aorta than is applied to the animal. At 30 Hz only

about 15% of the applied acceleratior is measured at the aorta. The almost

linear increase in phase angle with increasing frequency is indicative of an

ela~tic-type response. The graphs of figure 18 illustrate the frequency depen-

dence of the aortic transmissibility, i.e. of the amount of acceleration trans-

mitted to the aorta as compared to that input by the vibration exciter. These

data represent the transmissibility of the aorta with electromagnetic flow trans-

ducers and accelerometer attached. The added mass of these transducers result

in tranralassibility values different from those which would be measured from a

j "mass-less" accelerometer; however, these reported values are thought to be rea-

sonably indicative. These graphs illustrate two very pertinent facts with

respect to studies such as the current one; namely (1) the magnitude of any given

applied whole body vibration transmitted to the aorta is extremely frequency

dependent, and (2) there is a resonance at approximately 4 liz, at which frequency

the applied vibration amplitude is intensified appruximattly 2.4 times when

measured at the aorta.

2. Computer Modeling

Cardiovascular modeling has progressed in two directions. The first of these

is a closed-loop electrical, analog model of the hydraulic and mechanical aspects

of the CV system, which is an extension of an earlier open-loop model. These

effects of vibration are simulated by pressure source terms generated from values

of the vibration g-level or resulting transmitted force. These pressure distur-
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bances propagate and reflect, adding and subtracting with the pressure generated

by thie action of the heart, and as a result produce changes in flow. The closed-

loop model contains piecewise-linear representations of venous resistance and

compliance which were included to accurately account for blood-volume shifts

occurring during postural changes and application of time-varying whole-body

acceleration. The possible enhancement of cardiac output by the application of

whole body acceleration synchronously with the heart cycle was investigated by

R. L. Starnes in an M.S. thesis study (see Appendix E). He found that simulated

cardiac output could be enhanced by only a few percent when the acceleratory fre-

quency was the same as the heart frequency (1.25 4z). This study has recently

been extended to acceleratory frequencies at whole multiples of the heart fre-

quency. It has beLn found that an acceleratory forcing function of 3.75 Hz and

4 G peak amplitude enhances cardiac output by about 20 percent.

A preliminary study has begun in which experimental data of RR, SV and PNF

are used as input parameters to the iaodel. The value of PNF/BW vs frequency from

the animal experiments is used to establish the values of the pressure source terms

for the different simulated vibration frequencies. Heart rate was varied in the

model as observed in the animal experiment. The computer response of MAF vs

PNF/BW was similar to those of the animal experiments, with the actual percent

change values close to those found for the group of anesthetized dogs changing

MAF with minimal change in heart rate and little change in stroke volume, e.g.

Smaximum percent change in MAF was approximately 25%.

The second direction of progress is the development of a digital model anal-

ogous to the analog model. Two primary reasons for moving in this direction are:

(1) the digital model can be expanded if desired, to permit more detailed regional

investigations. The analog model has been expanded to the point where present com-

puter capacity is exhausted. (2) Nonlinear baroreceptor and other CNS control phe-

nomena can be more easily modeled with the digital approach. The digitai model has
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successfully simulated cardiovascular performance in the prone position (no

2 acceleratory stress) and is presently being adapted to account for postural

changes and time-varying applied accelerations.

D. Discussion

For the range of vibration stress imposed on the dogs in this study in

the vertical (z-axis) direction, the effect of vibration on mean aortic flow

(MAF) was found to depend primarily on the net force absorbed by the whole

body (peak net transmitted force, PNF). Other less important, but significant,

factors are initial or control heart rate and stroke volume, vibration -re-

quency, body weight, and duration of exposure. For brief exposures at PNF

levels quadruple the body weight, RAF may be expected to reach levels nearly

double those present immediately prior to the exposure. For PNF levels less

than body weight, variation in response may include a few instances of unchanged

or decreased MAF.

Detailed comparison of these findings with the results of previous investi-

gations is difficult since frequency, displacement, and/or acceleration were the

only vibration parameters available in earlier data. In the present study, test-

ing of these three parameters generally resulted in much greater variability with

f poorly developed trends. Thus the major determinant of the response appears to

be the net effect of the interaction of all three components as reflected in PNF.I r
The general tendency has been to equate the effects of vibration with those

f cccurring in mild to moderate exercise. Our results support this comparison with

regard to the extent of the change in MAF. For the vibration case, however, it

is unlikely that the magnitude of the increase in MAF, and the interaction between

heart rate and stroke volume, are metabolically dependent in the manner observed

with exercise. For instance, heart rate and cardiac output with exercise in the

dog are linearly related to oxygen consumption; this is probably not the case for

vibration (Barger ct a!., 1956"), * Athcugh the udata ar~e iL-Lt_0upl~t:t:, Lhelevlo

38



vibration stress and oxygen consumption are probably related only to the extent

that the imposed vibration leads to muscle contractioa, especially for postural

adjustments (Duffner, Hamilton, and Schmitz, 1962).

The extent of muscle contraction is somewhat difficult to estimate. The

anesthetized animals of Hood and Higgins, 1965, responded to vibration with some

increase in oxygen consumption which was reduced by curarization. However, in

related studies in our laboratory of awake Macaca mulatta exposed to force levels

similar to those used with the dogs, oxygen consumption changed with varying per-

formance demands but was not dependent on PNF/BW. Results from selected measure-

ments of a:terial and venous pH, P0 2 , pCO2 , 02 and CO2 content, and nonesterified

fatty acids in the monkeys and in the dogs in the present study do not show any

consistent dependence on PNF or other vibration parameters at the levels used.

Mediation of the response through cyclic muscle contraction induced by

variation in the direction of the PNF is unlikely, since cardiac output did not

follow sinusoidal exercise above 0.2 Hz (Ashkar, 1972): a rate much lower than

in our studies.

Neural mediation appears to be a far more important determinant of vibra-

tion responses than direct metabolic effects. The effect on MAF was greatly

attenuated in the group of anesthetized dogs with limited change in heart rate.

The effect in the unanesthetized animals is analogous to a sustained state of

alertness or alarm. In the group of dogs in which the level of anesthesia

limited the increase in heart rate, the change in NF was significantly dif-

ferent from that produced in unanesthetized dogs. Typically with exercise, the

rapid onset and offset of the heart rate response is dependent on neural path-

ways (Rushmer, Donald and Shepheid); 8imilar effects are present with vibration.

Mediation through the carotid sinus is unlikely since the frequency content

4 added to the phasic pressure waveform is relatively high (Edwardq et al, 1972)

and the increased heart race in the unanesthetized animals suggests absence of

3
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carotid sinus suppression.

The principal neural channel which could lead to the observed effects is

afferent sensory information from peripheral mechanoreceptors. Small myelinated

and unmyelinated fibers have been shown to be primary afferent pathways in car-

diovascular and respiratory reflex responses (McCloskey, Matthews, and Mitchell,

1972). Vibration-sensitive receptors are included in the proprioceptors of

these afferents. The primary afferents of muscle spindles are not significantly

involved in these effects; high frequency (100 to 300 1Iz) vibration of the triceps

sura muscles of both hind limbs of decerebrate or anesthezized cats had no appre-

ciable influence on systemic arterial blood pressure, heart rate, or respiratory

rate or depth even though some reflex muscle contraction was produced (McCloskey,

Matthews, and Mitchell, 1972).

The importance of neural pathways in whole-limb vibration is supported by

the results of Liedtke and Schmid, 1969. Peripheral vesodilation in the intact

limb was much greater than in the limb following denervation, and little altera-

tion followed section of the carotid sinus and vagal nerves.

The initial value and slope dependence of the variables is most likely a

secondary phenomenon in relation to the effects of vibration, but is of consid-

erable interest. The dependence of the magnitude of a physiological response

= Lhe preceding level is to some degree inherent in the range and type of ad-

justments available. At high heart rates, further excitation cannot lead to a

very large response in cardiac output through further increases in heart rate;

therefore increases in stroke volume would be expected. The validity of the

"law of initial valoes" (Wilder, 1957) (Lacey, 1967) for non-extreme levels has

been difficult to substantiate, but for heart rate, strong presumptive evidence

of its presence and mediation by central neural activity has been obtained in

~ monkeys (Snapper, Kadden, and Schoenfeld, 1971). The fact that many of the un-

anesthetized dogs exhibited a combined heart rate and stroke volume response is

40
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unexplained with respect to vibration, but is certainly an option available to

the system. Dependence of MAF on the ratio of mean heart rate to vibration

frequency suggests the presence of effects derived from the fluid-mechanical and

time-dependent system properties. As previously discussed, in the absence of

synchronization between vibration and cardiac cyles, this effect is relatively

minor.

In summary, the peak net transmitted force has been shown to be a major

variable determining the cardiovascular response of dogs exposed to brief, whole

body, sinusoidal vibration applied in the spinal axis. The effect is markedly

decreased when the heart rate response is limited by anesthesia.

Thus vibration appears to be a stress which can be graded to produce a

quantifiable state of alertness resembling exercise, but separating the neural

and metabolic components. Analysis of system properties based on this approach

offers great promise for increasing our understanding of physiological regula-

tion.

E. Recommendation-

1. Studies should be continued to evaluate further the role of the five

mechanisms involved in producing changes in pressures and flows in the cardio-

vascular system exposed to vibration. Special emphasis should be placed on ex-

periments which can separate and elucidate the role of the various mechanorecep-

tors - CNS pathways from the rest of the mechanism. This is especially important

since these mechanisms are thought to produce about 70% of the changes observed

in the awake animal.

2. More experiments in which 02 consumption is measured on animals under

vibration should be conducted in order to confirm the analogy of vibration and

exercise.

3. Experiments should be conducted in which the vibration frequency is

I extended below 2 Hz. This caa be accomplished by using a variable radius centri-

4
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fuge to produce slowly varying sinusoidal acceleration.

These experiments could provide some of the missing information which now

exists between sustained acceleration (0 freq.) and vibration (above 1 Hz), i.e.

the slowly varying time dependent acceleration range (0-1 Hz). These experiments

would provide continuity in describing the response of the cardiovascular system

from sustained acceleration to high frequency vibration.

4. The mechanical impedance model should be combined with the analog com-

outer model of the hydraulic aspects of the cardiovascular system in order to

define more realistically the vibration forcing function, PNF, in the computer

studies.

5. The analog computer model should be expanded to include mechanorecep-

tor response and the digital model should be expanded to include more detailed

sections of the arterial and vencu5 system. These models are excellent guides

in planning experiments and evaluating the resulting data.

42



F. References

Arntzenius, A. C., J. Koops, and P. B. Hagenhaltz. Cardiovascular responses
in piglets to body acceleration given synchronously with the heartbeat
(BASH). Circulation 39 & 40, Suppl. I11: 38, 1969.

Ashe, W. P., E. T. Carter, G. Hoover, L. B. Roberts, E. Johanson, F. Brown,
and E. J. Largent, Jr. Some responses of rats to whole body mechanical
vibration. Arch. Environ. Health, V2, pp, 369-377, 1961.

Bantle, J. A. Effects of mechanical vibrations on the growth and development
of mouse embryos. Aerospace Med., 42 (10): 1087-91, 1971.

Blok, F., 0. B. T. Tan, T. J. Vriesman, B. P. T. Veltman, R. G. Boiten, and
A. C. Arntzenius. Design for cardiac assist device based on total body
acceleration. Circulation 39 & 40, Suppl. III: 47, 1969.

Broderson, A. B., and H. E. Von Gierke. Mechanical Impedance and its varia-
tion in the restrained primate during prolonged vibration. ASME paper
No. 71-WA/BHF-8, 1971.

Broderson, A. B., Biothermal response of the rhesus monkey to mechanical vibra-
tion. Reprint, Animal scientific meeting aerospace medical association,
Bal Harbor, Fla., May 8-12, 1972.

Camill, P., C. F. Knapp, and J. Collins. Computer modeling of whole-body sin-
usoidal accelerations on the cardiovascular system. Proc. Inst. Elec.
Electron. Enger. 110-113, 1971.

Clark, W. S., K. 0. Lange, and R. R. Coermai.a. Deformation of the human body
Sdue to uni-directional forced sinusoidal vibration. Human Vibration

Research, edited by S. Lippert, pp. 29-48, Oxford: Pergamon Press, 1963.

Coermann, R. R. The mechanical impedance of the human body in sitting and
standing position. Human Factors, V4, April, 1962.

Edwards, R. G. Arterial blood flow and blood pressure in animals under machan-I ical vibration. Ph.D. Dissertation, University of Kentucky, Lexington, 1970.

Edwards, R. G., E. P. McCutcheon, and C. F. Knapp. Cardiovascular changes
produced by brief whole-body vibration of animals. J. Appl. Physiol.
32 ý3): 386-90, 1972.

Edwards, R. G., and C. F. Knapp. Changes in whole body force transmission
of dogs exposed repeatedly to vibration. A.S.M.E. paper No. 72-WA/BHF-1i,
1972.

Evces, C. R., and J. H. McElhaney. Some effects of drugs on the ioby frequency
whole body vibration response of dogs. Aerospace Med. 42 (4): 416-20, 1971.

Fraser, T. M., G. N. Hoover, and W. F. Ashe. Tracking perforzance during low
frequency vibration. Aerospace Med. 32 (9): 829-835, Sept., 1961.

43



Grether, W. F., C. S. Harris, M. Ohlbaum, P. A. Sampson, and J. C. Guignard.
Further study of combined heat, noise, and vibration stress. Aerospace
Med. 43 (6): 641-45, 1972.

Hood, W. B. Jr., and L. S. Higgins. Circulatory and respiratory effects of
whole-body vibration in anesthetized dogs. J. Appl. Physiol., 20 (6):
1157-62, 1965.

Hooks, L. E., R. M. Nerem, and T. J. Benson. A mamentum integral solution
for pulsatile flow in a rigid tube with and without longitudinal vibra-
tion. Engineering Science in Mecicine Proceedings, Society of Engineer-
ing Science, Washington University, St. Louis, Nnu., 1969.

Jackson, D. H., Editor. Circulatory assist & ballistocardiographic studies.
Proc. 15Lh Ann. Meet. Ballistocard. Res. Soc., Atlantic City, 1971.

Krause, H. E., and K. 0. Lange. Nonlirear behavior of biomechanical systems.

ASME paper No. 63-WA-278, 1963.

Lange, K. 0., and R. R. Coermann. Visual acuity under vibration. Human
Vibration Research, edited by S. Lippert, pp. 65-74, Oxford: Pergamon

Press, 1963.

Lange, K. 0., and R. G. Edwards. Force input and thoraco-abdominal strain
resulting from sinusoidal motion imposed in the human body. Aerospace
Med. 41 (5): 538-43, 1970.

Magid, E. B., and R. R. Coermann. Human whole body tolerance to sinusoidal
vibration. Institute of Environmental Sciences Proceedings, pp. 135-54.
1960.

O'Braint, C. R., and M. K. Ohlbaum. Visual acuity decrements associated with

whole body ± Gz vibration stress. Aerospace Med. 41 (1): 79-82, 1970.lz

Payne, P. R., and E. G. V. Band. A four-degree-of-freedom lumped parameter
model of the seated human body. Aerospace Medical Research Laboratory
Technical Report No., AMRL-TR-70-35, Wright-Patterson AFB, 0., 1971.

Roberts, L. B., and J. H. Dines. Cardiovascular effects of vibration. NASA
Grant NGR 36-008-041, Report No. 2, Ohio State University Research Founda-
tion, Columbus, 0., Oct., 1966.

Roberts, L. B., and J. H. Dines. Physiological and pathological effects of
mechanical vibration on animals and man. N.I.H. Grant No. OH-00006, Final
Report, Ohio State University Research Foundation, Columbus, Ohio, Dec. 1966.

Roberts, L. B., J. H. Dines, R. L. Hamlin, and E. J. Whitehead. Cardiovascular
.effects of vibration. NASA Grant NGR 36-008-041, Final Report - Part II,
Report No. 6, Ohio State University Research Foundation, Columbus, Ohio,
July, 1969.

Sharp, T. D., A live load force table. Institute of Environmental Sciences
Proceedings, 1963.



Sommer, H. C., a.id C. Stanley Harris. Combined effects of noise and vibration
on mental performance as a function c't time of day. Aerospace Med., 43 (5):
479-82, 1972.

Verdouw, P. D., A. C. Arntzeniuu, and A. Noordergraaf. Modification of left
ventricular ejection in re3ponse to whole body acceleration. Circulation
39 & 40, Suppl. III: 208, 1969.

Vogt, L. H., H. E. Krause, H. Hohlweck, and E. May. Mechanical impedance of

supine humans under sustained acceleration. Aerospace Med. (2): 123-28,
1973.

Von Gierke, H. E., Chairman. Symposium on biodynamic models and tbeir appli-
cations. Aerospace Medial Research Laboratories Technical Report AMRL-
TR-72-29, Wright-Patterson AFB. Ohio, 1971.

Vykukal, H. C. Dynamic response of the human body to vibration when combined
with various magnitudes of linear acceleration. J. Aerospace Med. Nov.,
1968.

White, G. H. Jr., K. 0. Lange, and R. R. Coermann. The effects of simulated
buffeting on the internal pressure of man. Human Factors, 4, Apr., 1962.

Wike, E. L., and S. S. Wike. Escape conditioning and low frequency whole body
vibration: The effects of frequency, amplitude, and controls for noise
and activation. Psychon. Sci. 27 (3), 1972.

Wittman, T. J., and N. S. Phillips. Human body nonlinearity and mechanical
impedance analysis. J. Biomechanics, V2, pp. 281-88, 1969.

Zechman, F. W., Jr., D. Peck, and E. Luce. Effect of vertical vibration on
respiratory airflcw and transpulmonary pressure. J. Appl. Physiol. 20 (5):
849-54, 1965.

Ziegenruecker, G. H., and E. B. Magid. Short time tolerance to sinusoidal vibra-
tion. Aerospace Medical Research Laboratories Technical Report TR-391-AD,
Wright-Patterson AFB, Ohio, 1959. j

/S



00

& W
z w a

40

Q UW
-Z a I.,44 dcIL

-1 in w0

ZZULi -C z

OZ cc a-
0;: 0 PS;

U) t- 00 -41

'-4

0)
4-cl to

.4 0 I

z C4 U) C),C

o c v4CU GO4-

0.

w '-4

"-)4
0 0 _, m

M w ww 01
.4 $4-

e~ 0a)

4d4



0 0og2 1630 (6/26/72)
0 Doc OLI99 (01/1/72)
a Dog 14419 (11/16/72)
A Dog1607 (11/7/72)

PERCENT CHANGE, MEAN AORTIC FLOW 0 Dog #1600 (6/6/72)

VERSUS PEAK FORCEiBOrjY WEIGHT a Dog #556 (1/26/73)

10 DOGS VIBRATED AT l.OG PEAK ACCELENATION. 0 D0,,g #5559 (3/29/72)
* Dog #1607 (10/25/72)

UNANESTHETIZED a Dcg#1600 (6/13/72)

X Dog #1eO0 (6/9/72)

"%'MA F .00 + .47 1 6PNF/ IW

A -

LL 120[

0~0

120 A

4

o A U

4 m

aaz00
40

SiJ 60

30

0..

0 Ag3

-30 MONA
80 120 16) 200 240 260

PEAK FORCE / BODY WEINT, IPERCENT)

Fig. 2 Precentage change in mean aortic flow as a function of

the ratio of peak net force to body weight in the awake
ani i• s.



Dog 1600
6/6/72W
Uoanes.(C) cc

Vert. 10 (I
so MAF

x MAP

-W

S10

<EA NET FO

I % A AF' 10.%9 +O. 61 %...

x a

z x

0 0

% AMAP 9.7 7  .032% PNF

-Ar manl due ISO 210tre
PEAK NET FORCE

BOIDY WVEIGHT

Fig. 3a Percentage change in meanl aorti~c fluw and3

pressure as a iunctizfl of the 
ratio of peak net ocrce

to body weight in an 
awake animal (1.600) whose changes

were mainly due to heav.t r&ute. 
--



100

t "80
0

z
1 6

(40 % MHR = -8.0+0.634 %40 SW

20
0

Dog 1600
6/6/72
Urmnes.(C)01 Vert. IG

.1 0iP

0 40 " 120 180 200 2

% PEAK NET FORCE
BODY WEIGHT

I 1
Fig. 3b Percentage change in mean heart rate as a function of the

ratio of peak net force to body weight in animal 1600. V
- , - .< ----- .-



100 I i

Do 1600
6/6/72
Unanes. (C)

1101 Vert. 1 G

60

40

FE

0
> 2o PN

jz ~-20

I
4 0 40 80 120 160 200 240 280

PEAK NET FORCE
BODY WEIGHT

kig. 3c pt:i•.;,'.ag- change in. -tro-te vo-lme as a function of the

ratio of pcak net force to body weight in animal 1600.

oiin



Dog 5559
3/29/72
Unene.s (c)
Vert. 1.0GQ o -

U

C Go .
U

40

z20

0-

i 2•30 Wt 90 120 150 100 210
SPEA K N ET FO -1.

BODY WEIGHT

I

I
!

Fig. 4a Percentage change in mean aortic flow as a tunction of

the ratio of peak net force to body weight in an awake

animal (5559) whose changes were mainly due to stroke

volume,



100[

80

60

so.

S . 0 0

0401

WU 0

.00

-20o
Ur

aZ 0

I1 I Ve t.I

A -4 40 a0 S-12.9 +605900 S40

0

Dog 5559
3/29/72

-20 Unanes. (C)
I Vert. IG

1 -40 200 240 40 80 120 160 2024
PEAK NET FORCE

BODY WEIGHT
I .... . . . . ... . ... ... . . . ..

Fig. 4b Percentage change in stroke volume as a function of the

ratio of peak net force to body weight in animal 5559.



120

Dog 5559
3/29/72

10 Unan@Sth (C)

'.80

~60

4 40

20 MHR==9.19 -. 03 5  % W

Z 0200
0 0

~e 0

-20

0s4o8 120 160 200 240

0 40 % PEAK NET FORCE
BODY WEIGHT

'1Fig. 4c Percentage chang4 in 
mean heart rate as a 

functionOf ofthe

ratio of peak ret force to body weight 
in aniwMal



120 "

DOG see IMAF 12. 7 2+ .22 ZPNFISW
20 JAN 73

100 UNANES,

1.00

so- 0

0
m16

S60-

Ua 2

0
X40-
3 40

z
I U

_ "w20 "

!U

S0 40 to 120 10200 24020
IA PEAK NOT PORONE/BODY WaIGNT

Fig. 5a Percentage change in mean aortic flow as a function of the

ratio olý peak net force to body weight in an awake animal

(556) with fairly equal changes in mean heart rate and
3stroke volume.

54



' I I I .. . iI - - - -

DOG 55G

26JAN73

UNANES.
I.OG

80

60-

Ml 40
z

W 0 0 o

z

Of 0

o 00
I0

S -200

S40 80 120 160 200 240

% PEAK NIT FORCE /BODY WEIGHT

Fig. 5b Percentage change in mean heart rate as a function of the
ratio of peak net force to body weight in animal 556.

I I I I



C~OG 556
26 JAN 73

80 
uNAN ES.

80, 1.00G

60

400
o 40

00
' 20

C I

z

0

-20 % sv S. -. 05 0.16 %PN F1BW

405 2 160 200 240

%PEAK HIRT FORCUI/BODY WRUIGHT

Fig. 5c percentage change in strolte vol~urw as a function cf !:he

ratio of peak ne!t force to body weight in antinal 556.-n. *--- --



170 I "-I

-, DOG 1734, 3 OCT.72 1.og £NESINETIZED
t0 DOG i56, 26 JAN. 76

1501 Da DoG 1607, as OCT. 72
& DOG L1O9, I NOV. 72
SGDOO 1600, 6 JUN. 72

SDO G 1600, 30 JUN.72
mDOG 1410, I1 NOV. 72

130
1

110

I

90-

0
i70" 0

0

0 %A MAF- ji.15%PWir/W
4450-

I 1-

. ..... . - - ._..4.- . .....--

Z 10
30 0.

OW \O 0

-10 ,.*avo

I0

30 60 90 120 150 180 210 240

% PEAK NET FORCE! SODY _W iGH.T

Fig. 6 Percentage change in mean aortic flow as a function of the

ratio of peak net force to body weight in the anesthetized

animals.



CHANGES IN MAF MAINLY DUE TO CHANGES Q MHR

120 ?Multiple Frequency ,
Unanes. 1.0 G, Vert.
* Dog L199, 11/1/72
x Dog 1600, 6/13/72

100 o Dog 1600, 6/6/72 / ,

0,

S80 /.

0/
0/ 0

Z 4 0  x o

*. / / x /0 , ;, .
20-/

z/

0 a /
SoStandard error of estimate = 19.1

-20 *

0 40 80 120 160 200 240

I PEAK NET FORCE
"BODY WEIGHT

Fig. 7a Percentarie change in mean aortcC LI..OW aC a functlon of the

ratio of peak net force to body weight for the group of
awake animals whose chanes were mainly due to heart rate.



CHANGES IN MAP MAINLY DUE TO CHANGE$ IN MNR
80

* Dog I.199
x Dog 1600

S60- 0 Dog 1724

S10, Vert.
Ane.th (C)

240-

0
0--. -,- x o o o0

-20-- % MAF: 8.4*.055%PNF/BW

0 40 80 120 160 200 240 20
PEAK NET FORCE

I BODY WEIGHT

I

I Fig. 7b Percentae .change in c•can aortic flo,," as - functi'on o

I the ratio of peak net force to body weight for the group

of anesthetized animals whose changes were mainly due to -.

heart rate.



CHANGES IN MAF MAINLY DUE
TO CHANGES IN MHR

I6

8-

/ / booS UNANES.

/
/ / *

/ # 7

DOG AN1

Ir40 s 10 160 200 240 28-0
J% PEAK NET FORCE

BODY WEIGHT

Fig. 7c Comparison of the percentage change in mean aortic flow
as a function of the ratio of peak net force to body
weight for the anesthetized vs. unaT.esthetized animals0
whose changc3 --cre due mainly to heart rate.



CHANGES IN MAF MAINLY DUE TO CHANGES IN SY

I-K. %MA -75 5
Std.erro of stimtes 0-/

0/

W6/

06C- /

z/

/ Multiple Frequency
Unanes. 1.00, Vert.
*Dog 5559, 3/29/72

0-s Dog 1600, 6/9/72
*Dog 1607, 10/25/72

/ * Dog 1607, 11/7/72

/X /

ýO40 go20 6 00 240 2180

% PEAK NET FORCE
BODY Wrf;CHT

Fig. Ba Percentage change in mean acirtic flow as a function of t~hc

ratio of peak net force to body weight for the gruup of

awake animalsa whose changes were due mainly to stroke

volume. I



CHANGES IN MAF MAINLY DUE TO CHANGES IN SV

100

0

80 ODOG 566, 26 JAN73
XDOG 00016, iJUN 72

ADOG 1607,25 OCT 72

a DOG 1419,16 NOV 72

01 ANESTHETIZED0
VERTICAL,1.080

0

0401

cc x-2 xx 11
(0

S-40

Z 260 408 2 x 0 4 8

I-

Sttroke voluofmees 9.

VR20

00n % MAP -1.6+.2 --

%F040 80 120 160 200 240 280
PFEAK NET FORCE

BODY WEIGHT

Fig. 8b Percentage change in mean aortic flow as a function of the

¶ ratio of peak net furce to body weighc in the group of

aneSthetized animals whose changes were due mainly to
stroke volume.



CHANGES IN MAF MAINLY DUE TO CHANGES IN S V

/

DO" UNANES.

//
80/

60 S// . /

40-

X DOS ANNS.

0 20.
z

U

$00

I ~-20- /

"-40

0120 160 200 240 280
% PEAK NET FORCE

BODY WEIGHT

Fig. 8L Comparison of the percentage change in mean aortic flow as
a function of the ratio of peak net force to body weight for
the anesthetized vs. unanesthetized animals whose changes
oere due mainly to stroke volume .

L-



0

100-

t ~80-

I ; So-
0

m. 60-
0

S40 - 0

X Xx X

20 DOG L119 11/1/72
a0 xANKS (C)

OUNANES. (C)
VERT. IG

00

.1 .2 .4 .6 .81 2 4 6 810
MHR :DIMENSIONLESS FREQUENCY

F,•. 9 r -rccntg change in =aon aortic fl-. ac a function of the log
of the ratio of mean heArt rate to vibration frequency for an

animal atudied both awake and anesthetized.



01

I.'
4)

0

c 0.

0if 0*04

__ ciS

-4

>

0

U40
I 0

$40

"~4'

-,4



LL.

U- L

00 ++ to
qq (0 CV)

z I0
0CI

u'S-.hm 0O 0 4

N -4
V/V/V/

N~~G IL IL
III V V/ C

CU t)+
**O

Ln,



"I - uI

Normalized Whole Body Elastic and

Damping Coefficients
VS.

12.0 Vibration Frequency

030

8.0 -

o 1
o.Zo

- 0.04-

U)

E

0

S0 5 0 15 20 25 30

Frequency (H z)

I.

lFig. 12 Normalized whole body coefficients of elasticity and

damping versus frequ'ency for the sitting, restrained primate,

I

a6



I

"QI I I I

Inpedance vs. Vibration Frequency

Accel. Amp. 0.5 G
Q,.15

,,• fModel

V 0

0

Experimental
Limits

D 5

0 z --Z 0

T 75 /-Model

r- 4D 50 - Experimental Limits

, 25-

00 5 10 15 20 25 30
Frequency (Hz)

Fig. 13 Impedance phase angle and normalized modulus versus frequency
for 0.5-g vibration of four primates compared to that predicted

by the model of figure 11.



mO Inpedance vs. Vibration Frequency

Accel. Anr,. 1.0 G
SgO.015 -

0Q.10 -. oo~0.

=. 0.05 •Experimental _I " -r n-I-

.20-0 Model

2050"

a. LmTs
0-

00 5 10 15 20 25 30
Frequency (Hz)

I
!
I

Fig. 14 Impedance phase angle and normalized modulus vs. frequency
for 1.0 g vibration of four primnates compared to that
predicted by the model of Fig. 11.

69



0

oc

CIO
-L 0

0 Oz

Ai 0 
C\J

00

o -

44

>

4)C
0 a 0

0 CL

o -4

0

0) LL 0

'-4U

0( 000V

r4)/IAI 7O\3N

(:)O/ql-ul OýJ3 N (1 .L~dSS1



F-

z F- U))CL

z k5
' LL() 0w

S0 >
0 0~

HLU g

oG
.4

ILLJ c-C

0

3-18VJ -130XV /OV'3H -13ZZV



IMPEDANCE VERSUS FREQUENCY
Z ACCELERATION AMPLITUDE * I.OG
: 09 DOG No.556

, /55
'8

o 5- '0

Sw 4-

0

Z A - UNANESTHETIZED
. oo- ANESTHETIZED

IL 2-05

w4

1 0

1 • 90

S70 -I

I w60

| •u 40-',•
S30-

I ,01 20-

1 10.

0 0 2 4-6 1 1o2 14 16 is 0-
FREQUENCY (HZ)

I t. .. . . . . . . . . .... -- . -....-.I '1g. DY impedance muduiuo a~d Phas -ia .glc vereug 'v4brt1 nn freauency
for anesthetized and unanesthetized dog vibrated at 1.0 g.



2.5
Dog A48

2.0-0.5 6

2-0-- 1.06
- 1.5 6

3"1.5
Id

0.5

z 50
I _ _ __m I _ _ __. ___I,

-oo I0 1 I0 25

X- 200

U. 50 '_

4-.0

1500
00

U)

j~4

0 510 15 20 25 30

Frequency (H z)-

Fig. 18 Aortic transmissibility, magnitude, apd phase angle, vs.

vibration frequency for a dog vibrated at 0.5, 1.0, and
1.5 g.



I

I III. Appendices

I

I
I

I

I I1

I



Appendix A

Experimental Techiiiques

I. Animal Care

A. Pre-Operative Animal Care: Surgery for the chronically implanted

instrumentation required for vibration studies has been performcd in dogs and

and monkeys. Mongrel dogs (10-20 kg.) supplied through the University of

Kentucky Medical Center have been generally satisfa,ý,CLy. An attempt to

use purebred foxhounds for more uniformity was not successful - the mon-

grels were generally better behaved for awake studies and were much hard-

ier for thoracic surgery. Rhes s monkeys (Racaca mulatta), weighing 5-10

kg., have been generally healthy as supplied by the vivarium at Wright Pat-

terson AFB. As an alternate to the Rhesus, pigtail monkeys (M. Nemistrina)

of a similar size purchased from Primate Imports (Long Island, N.Y.) have

undergcne surgical experimentation although none have been exposed to vibra-

tion.

Successful chronic implantation procedures and techniques and surgical

procedures used in the chronically instrumented animal must begin with a

healthN animal. Success is directly proportional to the standards set. Be-

cause some cf our investigations include unane~thetized preparations in ar.

environment wnich tends to be stressful to the animal, behavior patterns,

such as nervousness, must be discerned before choosing a surgical subject.

The physiological guidelines for determination of normality include

physicai examination, qualitative estimation from behavior patterns, and

results of hemutological, bacterial culture, and x-ray examinations. Therapy

for canine intesLinal parasites is repeated until stools are negative. For

thu dogs a herilatocrit val- of 4' and !4iite cell count of 10,COO or below is

eypected. 1he hematocrit 'or monkeys should be 40 to 42 with a white count

of less than 15,000. in additice to these determinations, values for many

I



commonly used variables in dogs appear in Table A-I. Multiple similar

variables for monkeys are listed in the rcport by McCutcheon, et al. (to

be published).

B. Surgery-General Procedure: Inclusion of each of the following criteria

involving the surgical procedure has been found necessary to produce a success-

ful chronic animal preparation:

1. sterile preparation

2. surgically convenient and properly prepared implants

3. minimal trauma and resultant minimal fibrosis within surgical area

4. isolation of implants from exaernal environment

The above criteria complement each other - details of each and specific aspects

of surgery are found in the sections below. Following immediately is a general

overview of th! surgery performed on animals which have met pre-implantation

standards.

Surgery is performed with complete sterile precautions using the facilities

in the Fxperimental Surgery Laboratory of the University of Kentucky Medical

Center. The principles of laboratory animal care as outlined by the National

Society for Medical Research were rigorously cbserved. The monkey is preme-

dicated with sernylan and atropine, induced with thiopental, intubated, and

enesthetized with halothane. For the dog, the procedure is identical with

the exception that sernylan and atropine are not given. The approach to the

chest is through the left fourth intercostal space with the various trans-

ducers placed as required. Each lead is passed thruugh different spots using

intercostal spaces other than the one for entry. The rib cage is closed in

j the usual. manner and the leads are tunneled under muscle layers to emerge be-

tween muscle and skin in the center of the back, between the scapulae. The

S..2



skin is undermined and freed up from the original incision to the point where

the leads emerge. The leads are gathered together and placed in a fabric ve-

lour bag of our own design (McCutcheon, et al., 1973a) and left under the un-

broken skin. The muscle layers and skin of the original incision are closed

in the usual manner. A chest tube connected to a water bottle suction is left

in for twenty-four to thirty-six hours.

The abdominal approach Is through a mid-line incision in the linea albu.

Females are much more suitable for the abdorinal procedure. The probe leads

are placed on the back in a manner similar to that used for the thoracic im-

plantation.

The fabric velour pouch used to store the transducer connectors under

the skin is sewed from nylon velour fabric (fig. A-l). More recently, a dacron

velour material has been tested. The pouch is initially gas sterilized, and

after its implantation the ' .- is left undisturbed to allow connective t-ssue

growth into the fabric.

Approximately 8 to 1'? days after surgery, the level of recovery is adequate

to open the pouch ("windowing" process) and obtain access to the leads. Unoer

I tranquilization and local anesthesia, an appropriate length of skin over the

pouch is incised. The pouch is opened with scissors and the leads rcmoved and

tested (fig. A-2). The edges of the skin are retracted and sewn to the outer

layer of the nouch. The inner fabric layer is closed with suture or steel

clips (fig. A-3).

After the bag has been opened, the area is kept covered with a dressing and

a nylon mesh jacket. The jackeL has prevented access by the dogs to any exposed

connectors or to the bag itself. Auditional caution is exercised with the mon-

r key - a custom-fitted jacket of porous girdle material is the first covering, and

a second jacket of leatler is fitted over this. Both jazke,.: are closed by sew-
3
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C. Surgery - Instrument Implantaiion Schedule: The standard intrath1racic

instrumentation in the dog includes the following:

1. Flow probe on ascending aorta

2. Pressure gauge in apex 'f left ventricle -

3. Pressure gauge in thoracic aorta just distal to arch

4. Pacemaker ECG leads on right atriua.

5. Cannulae in right atrium, left atrium, and through subclavian

artery into aorta.

Other implanteu devices which have been substituted for some of the above

Include an intrathoracic temperature probe (thermistor bead) and single axis

accelerometer.

The standard intrathoracic instrumentation In the monkey includes the

fcilowing:

S 1. Flow probe on ascending aorta

2. Pressure gauge in;

a. Descending thoracic aorLa with subclavian arterial cannulae or

b. Apex of lefr ventricle

3. Cannulae in right atrium and left atrium (unless subclavian cannula

present)

.. TherAistor temperpture probe

I few carotid implants have succeeded but recording from this vessel is

not 'ýt a standard procedure. In order to acquire mo:e 2xperience with im-

plaptation techniques in the Khesus and Pigtail monkeys, several animals

were implanted with right and left atrial cannulae and intrathuracic tempera-

ture probe.

Instrument placem'int in the abdomen (dogs only) includep the following:

1. Flow probe and occiuder on renal artery

2. Flow probe and occluder on mrsenlteric artery

I 3. Flew probe and occluder on iliac artery

A /4
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P. Post-Operative Animal Care: Aside from the procedures involved

with "windowing" the implanted pouch, routine post-operative management

includes antibiotic coverage, blood hematology and chemistry tests, dress-

ing changes, exercise and training (if necessary), x-rays, and maintenance

of transducer lead integrity and catheter patency. The fact that these

animals have undergone major surgery and need most if not all of the pre-

ceding diagnostic tests and care cannot be overemphasized.

The post-operative antibiotic schedule is coordinated through veter-

narians at Wright-Patterson AFB and the University. Cultures of suspect

areas are taken and upon receiving sensitivity results, corrective medica-

tion is administered. Simultaneous blood hematological (i.e. hematocrit,

white bipod cell count, differential leukocyte count, platelet estimation)

and chemical diagnostics (total protein, glucose, electrolytes) aid deter-

mination of the animal's condition and also resultant trends following anti-

j biotic dosages. Since many antibiotics adversely affect renal function,

ur!.ne chemistri,:s (glucosc, protein, bilirubin) and sediment aaelysis areI

I monitored and trends rioted.

I In the dog, the original chest incision site has occasionally failed to

heal completely, and over an extended implantation time the tissue actually

Sbegins to break down. The source of the infection has been both external and

internal, the latter arising from one of the lead tracts exiting from the win-

. dowing pouch. Adequate care, including fluid drainage if necessary, and bac-

terial cultures have b2en successful courses of action. Of the cultures taken,

most have showh Staphylococcus aureus (coagulabe positive and negative) while

others have grown Staphylococcuej epidermis. Other than topical ointments or

Powd•ýs, lost-surgical treatment is accomplished routinely using Combiotic (some-

times in cunabinatlon with Loridine) for 7 to 14 days. Later cultures having
r !
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the atove merntlined growths have usually baen sensitive to and treated with

Erythromycin ox Keflin.

Intensive antibiotic treatment in the monkey has been the only route to

curb a frequently o..curring infection usually beginning in the outer tissue

surrounding the fabric pouch. Common species found have been primarily Pseu-

domoitas aer,.ginosa with other, being Proteus mirabilis, Enterobacter aerogenes,

and Ea7chrichia coli. As with the dogs, Combiotic is also given after surgery

followed by treatment with other antibiotics if necessary. This latter course

has included Gentamycin and sometimes Carbenicillin, Chloramphenical, Loridine,

Ampicillin, and Keflin.

The animal is weighed periodically and quality and quantity of intake and

output are observed. If nutrition seems inLdequate, special efforts are made

to tempt him with favorite foods, and hand-feeding is performed if necessary.

Blood status is monitored as indicated, and injections of iron and vitamins

arc given.

SThf r al use of x-rays over the period of implantation provides a valu-

able diagnostic tool not only in determining the health course of the animal

I but also the status of the implanted transducers. Lung inflammation and other

abnormalities within the chest region can be detected. Often if a transducer
I

does fail, an x-ray will bring out a broken wire connection or kink in a can-

nula and corrective measures, if oossible, are taken. A representetive family

of x-rays taken from a dog and monkey are shown respectively in figures A-4

I and A-5. In these post-operative pictures the absence of congestion aiid abncr-

malities with concurrent blood analysis and observations are used to determine

the qualification of each subject for experimental investigation.

One further aspect of post-operative care which is very important to our

particular protocol is that the animal receive come exercise and z form of adap-

6f
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tive training. Both dogs and monkeys are normally caged, and the routine

of d&ily or nearly daily walks or tasks is necessary to examine fitness for

vibration, speed recovery, and adapt the animal to the personnel involved with

the experiment. Experience has shown that prior _'areness of (not necessarily

adaptation to) the vertical restraint chair (especially dogs) tends to calm

the animal and result in a more meaningful experiment. Adaptation to over-

the-head helmets for respiratory studies has also been benificial. Further

improvements in post-operative behavioral care are being worked upon and the

.)receding examples only illustrate this complex, yet often overlooked, area

of animal care.

Since the chronically instrumented animal is usually sacrificed under in-

vestigator control, an autopsy can be performed. Much vital information is

available from these examinations which have been routine upon the death of a

chronic animal. Tissue specimens are sent to a pathology laboratory and the

results of the microscopic examinations have guided us during program develop-

me~nt, particularly in three areas: 1) tissue ingrowth patterns of the nylon

(and dacron) velour materials; 2) specific diagnosis of any pathology, if pre-
Isent, in the major organs of the animal (i.e. heart wall) muscle, kidney,

aortic vessel wall); 3) improvements in surgical technique or implanted trans-

ducer design. Specific references to such results are found in succeeding

j sections of this report.

-
I
I
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II. Chronically Implanted Instrumentation

The selection of instrumentation and/or materials for implantation is

one of the more difficult aspects of developing a chronic animal preparation.

Experience is a large asset and careful evaluation of any device prior to

and during chronic implantation is of the utmost importance. The failure

4 of one component in such a preparation can be costly ir terms of money, man-

power, end time. Therefore, in our laboratory we have devoted a great deal

of effort to these conceirns. The following secticns describe the implanted

instrumentation uF ed in our lat oratory, and the procedures we follow. In-
Is

cluded with each description are design considerations, specific surgiLal

techniques, and results of evaluation tests. The techniques are covered in

considerable detail since they are extremely important for overall prograw

succeas.

A. Blood Flow

1. Implantation: Blood flow measurement is one of the most valuable

components of the techniques used for evaluation of the circulatory effects

of vibration. For cur standard chronic animal preparation, electromagnetic

cuff-type flow probes are placed around the base of the ascending aorta. At

this 3ocation, a satisfactory physiological zero flow baseline is present -

vessel occlusion is unnecessary, in contrast to the situation for peripheral

"vessels. Unfortunately, however, the wall of the blood vessel under the probe

at this site is subjected to large stresses due to the rhythmical wall pulsa-

tions and limited anatomical space for probe placement. The effects of vibra-

tion (see results section concerning accelerometer placement on the flow probe)

compound this trauma to the vessel.

To strengthen the flow probe-aortic tissue interface, and to minimize the

ýcrrence of vc' c! rupture, so me of the probes have been narrowed to decrease

the probe-vessel contact area and allow the probe cuff to surround a shorter
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section of aorta. A common curtain material (Sears "Entree Tailored Panel, 100%

polyester Sheer Marquisette") around the vessel under the probe seems to minimize

deterioration of the aortic wall. Dacron mesh or silastic used in a simmilar man-

ner was not as successful. Even with these methods coupled to careful surigcal

implantation, rupture of the aorta, generally between the heart and probe, accounts

for 60% of the deaths in our chronically-prepared animals (note: improving the

procedures for implantation of the aortic pressure gauge has nearly doubled this

percentage).

A representative pathology report describing the effects on an intact aortic

* wall under the probe after 56 days ( cause of death in Dog 1600 was rupture of tho-

racic aorta at pressure gauge site; flow probe: In vivo metric SL-lB, #2108, 20
I

mm I.D. probe, curtain material) was as followa:

Sections of the aorta from the region of tho curtain reveals
the material on the outer surface of the aorta and each of the
individual threads is surrounded by fibrous tissue. The aorta

"I progressively becomes normal toward the intimal side. The outer

half of the aorta in this area reveals separation of the elastic
fibrils with fibrosis between them. In the most outer portion
there is some fragmentation of elastica. The curtain appears to
be firmly embedded with this adventitial tissue.

The changes are more extensive when the cause of death is aortic rupture

proximal to the flow probe. The pathology report typical for this latter situ-

I ation (Dog 822, Zepeda #923, 18 mm I.D., Dacron mesh, duration of implantation

20 days) was as follows:

Section of the aortic wall under the flow probe near the site
of rupture reveals a portion of the aorta with a zone of fibro-
sis in the outer two-thirds of the aorta, merging with fibrosis
within the adventitia and the meshwork. At one point at the very
edge the wall appears completely necrotic. This probably repre-
sents the point of iupture.

1 Alterations in the aortic wall in monkeys are similar to those of dogs.

The intact vessel wall under the flow probe (Plg:ail monkey PT4: Zepeda AA-

#!142. 9 mm I.D., curtain material, duration 51 days) was the subject of the

following report:
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Section of the aorta shows an intact intima and an intact media.
There is evidence of the foreign material of the curtain in the
adventitia associated with fibrosis and some degeneration in
the very outer portions of the media. There is also associated
intimal fibrosis.

The above results support the conclusion that a reinforcing material

under the probe probably provides a useful additional interface between the

vessel wall and probe.

2. Flowmeter and Flowprobe Evaluation: For a flow probe located on the

ascending aorta, a satisfactory physiologica.. zero flow baseline reference is

present. This baseline can drift, however, depending upon the flow probe and/

or the flowmeter to which the probe is connected. A number of specific causes

have been detailed (Gordon, 1971; Cappelen, 1968; Hagnestad, 1961, Dobson,

I et al., 1966; Spencer and Denison, 1959; Fryer and Sandler, 1971) in the litera-

ture.

Electromagnetic flowmeters undergo continuing evaluation in our laboratory.
I

Those currently in uge are clearly not optimum instruments (Biotronex laboratory,

Kiryland, Model 610 Pulsed Logic Flowmeter, and Zepeda Instruwents, Seattle,

Washington Model SWF-2 Square Wave Flowmeter). For instance, the Biotronex ie-

vice has no "zero" capability. The Zepeda flowmeter, with careful bench cal:.-

bratici, is reported to provide a "magnet zero" within 5% of the true blood zero.

SPreliminary bench tests indiLate that for moderate flows (I L/min-flowa5 l/mii),

the magnet zero is no more than 5% from actual zero baseline flow. However, no

i internal calibration for checking flowmeter and recorder amplifier gain is avail-

able on the Zepeda instrument. More long-term drift studies need to be done to

permit adequate comparisons of different probes over a period of time or the flama

) probe over different time intervals. Evaluation of flow meters measuring smaller

peripheral flows with chronically implanted probes requires vascular occlusive de-

I vices more satisfactory than any developed to date in our laborat~ory. Further

acute animal studies are now underway to add more information and direct our efforts

to solve this problem (ree also section B).
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Three different manufacturers' probes have been implanted in our chronic

animals. In the dogs, we have used flow probes made by Zepeda Instruments,

Biotronex Laboratory, and In Vivo Metric; in monkeys, we have implanted Zepeda

and Biotronex transducers. When connected to the EL 610 flowmeter, all the

larger probes exhibited essentially the same output characteristics in all chron-

ic animals. The IVM probes tended to be the least stable during bench calibra-

tions and implantation, probably as a result of their narrower width and smaller

electrode area. The Zepeda probe, now the standard in our laboratory, is quite

stable although its greater width contributes to some cf the trauma seen vithin

the wall of the ascending aorta. Both the BI.tronex and NVM probes used have

been more succeptible to internal or connector failures .Ahie implanted and dur-

f ing recycling checks between implants.

The outer diameters of the ascending aorta of the monkeys impla-Ited to date

ranged from 7 to 12 mm. In this range the flow probe most used has been the axial

lead, symmetrical core Zepeda probe. A minor drawback of this probe, the narrow

elot key opening, which makes surgical manipulation slighly mort. difficult, is

more than offset by its stable performance and durable constru'tion.

A still smaller range of probe sizes has been briefly studied during abdo-I
minal implantation. Three to fiv: millimeter lumen diameter probes from the three

ma~nufacturers listed above have been used. tm evaluation of the performance of

these probes will be available fUllowing more experimentation and bench calibra-

tion now? in progress.

The technique of flcw probe connector placement within a subcutaneous

::abric pouch places additional restraints on the probes selected. Requiring a

l larger pouch volume and window slit area, the bulky button or bullet connector,

ultandard with many flow probes, is unsuitable for our particular chronic prepare-

tion. The Zepeda connectors have a base of shrink-tight tubing and male pins

eealed with uhrink-tight during storage. These have proven satisfactory in terms
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of storage space and reliability. It has yet to be determined whether a con-

nector system of two small diameter (2.25 mm), silastic covered leads Is more

compatible with our particular chronic animal preparation than the single lar-

ger (O.D. 2.5 mm) silastic insulated lead common with the button connector

found on large probe sizes.

3. Bench Calibration: All incoming flow probes are tested and benchI
calibrated before use. Probes in use are tested for electrical continuity

) between implaats and are periodically calibrated using saline and/or blood.

The purpose of the bench calibration is to evaluate the linearity of the

probe with age (especially for low flows), and to provide a flow calibration

j number (CAL) which can be compared with in vivo dye curves. A listing of

some of these results is found in Table A-2 which also illustrates some of

the variables employed for bench calibration.

For larger probes (18 to 22 mm I.D.) cellophane dialysis tubing has been

- used as a substitute for the blood vessel wall. Soaked for approximately

* thirty minutes prior to testing in normal baline, the tubing is connected into

a gravity flow system where the pressure at the pribe level is held constant

at 125 mmHg. Besides being convenient, the dialysis tubing forms a stable seat

for the cuff-type probes tested. Multiple probe testing can be accomplished

Swith this system providing care is taken to minimize possiblc electrical inter-

I |ference between nearby probes.

Typical bench calibrations using normal saline and blood of varying hema-

Stocrits (derived from packed red cells mixed with normal saline) are plotted

for two Zepeda flow probes in Fig,,res A-6 and A-7. Representative straight

I lines fitted to the points (lea3t squares method) indicate that in both plots

i (except for one case), the probes had greater sensitivity with saline. Higher

hematocrits tended to result in lower sensitivity. For other probes, the di-

rection of sensitivity when using dialysis tubing has been consistently the
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same. The overlap of points indicates other factors that may influence the

curve slope such as daily variations in methodology (Fryer and Sandler, 1971;

Cutherbertson and Gilfillon, 1971; Cappelen, 1968). No definitive pattern

has been seen in relation to the duration of implantation and/or age.

For the smaller monkey probes, a variety of materials have been used to

anchor the probe for calibration trials. Dialysis tubing has only been avail-

able for the 6mm size. Blood vessels (abdominal aorta of small pigs) and

latex tubing have been used for the other sizes. The probe is inserted within

this latter material and the leads are brought out through a sealed joint.
I

For the calibration plot of a Zepeda (7mm I.D.) syimetrical probe appear-

ing in Fig. A-8, the probe was placed inside the tubing. No specific trend in

sensitivity is evident in the plot. Similar probes calibrated from a position

) within the flow stream have yielded results also indicating saline produced a

greater relative output. Bench tests using saline and excised pig aortas re-
I

sulted in increased sensitivity, compared to the system employing direct blood

electrode contact.

Flow probes having a lumen diameter less than 6"m and intended for peri-

pheral vessel use have usually been calibrated on an intact vessel by bleed-

out volume/time determinations. When done either acutely or chronically, this

procedure provides an adequate calibration factor in lieu of dye curve deter-

minations which become more complex for peripheral vessels. Bench calibrationsI
on small proses have been accomplished using dialysis tubing or latex tubing

(probe in flow), but such techniques are used only for linearity evaluations and

CAL signal comparisons.

4. Dye Curve Technique, A standard procedure for calibrating chronically

implanted electromagnetic flow probes by the dye-dilution technique has been

developed in the laboratory. Chronically implanted catheters in the right atrium,

left atrium, and subclavian artery make possible several combinations of dye in-

jection and blood withdrawal. Normally, a bolus of indocyanine-green dye (approxi-
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mately 2.5 mg for dogs and 1.0 mg for monkeys) is injected throigh the dye-

filled right atrial line without flushing. The blood-dye mixture is with-

drnwn from the left atrium at 10 ml/mmn. Both right and left atrial injec-

tions combined with aortic pickup have given ieasonable results, although in

several cases the latter situation appeared to give suspiciously high outputs,

perhaps due to inadequate mixing. The concentration of this mixture is mea-

sured with a Waters XP-300A Densatometer equipped with an XC-302 cuvette and

recorded on a Honeywell Visicorder (Fig. B-3). The output of the electromag-

netic flow probe is recorded in both phasic (to establish flow zero) and

mean modes simultaneously with the output of the densitometer. The height of

the mean flow trace above the phasic zero is measured during the passage of dye

through the cuvette and this trace is analyzed to give cardiac output.

The analysis of the dye curve is by the Stewart-Hamilton method (semi-log

replot and extrapolation under the assumption of an expoaential decay). An on-

line computer analysis of the curves is operational (see Appendix B) and allows

i-mmediate interpretation.

5. Comparison of Flow Probe Calibration Results: When the bench calibra-

tions are compared with dye curve results for a specific probe on a particular

animal, a wide range of differences from the reference CAL signals is evident.

The dye curves have generally read approximately 30% higher than the bench CGiL

signal assigned the :epeda probes. This is approximately the result expected

from theory. Ho,.ever, as evident in Table A-2 this percentage figure is not

consistent; in fact, some probes having stable bench ni',ibers have had a wide

range of dye curve calibrations assigned to them.

The varied dye curve versus CAL results are particularly noticeable for

the Zepeda probe SN922. There seems to be little correlation betwean the de-

rived CAL and hematocrit, cardiac output, or cardiac output normalized to body

weight. A curious and unsolved dilemma concerns Dog #1607 for which two dye
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determinations were done. This particular dog eventually died from an aortic

rupture at the flow prcbe site, indicating that aortic wall thickness may have

beer, decreasing during implantation. Similarly, Dog L185 died from aortic rup-

ture just two daya after the dye curves, and the dye curve CAL was low.

Variations in probe electrode contact and wall thickness during implanta-

tion may account for the range of differences illustrated ia Table A-2. In the

previous literature, there are mar:y conflicting findings and uncertainties re-

garding calibration techniques and dependent variables. For this reason, coupled

with our findings, we rely on the dye curve results to yield a CAL signal value

since the dye dilution measurement is sufficiently reproducible and is recorded

under in vivo conditions.

B. Vascular Occluder

When an accurate electronic blood flow zero is not available, mechanical

occlusion of a vessel to obtain a zero flow baseline is essential. Currently

we use the occluder design outlined by Khouri and Gregg (1967). A dipping pro-

cess yields small latex cuffs of varying sizes dependent upon the stainless

steel mold used. In vitro and in vivo (dog) testing with two sizes is underway.

A smaller size (3 mm diam) is planned for coronary artery implants, and a
larger size (5 mm diam) for peripheral vessels such as the femotal artery.

After removal from the mold, the C-shaped latex body is cured for ten min-

utes in a steam autoclave (15 psi). An umbilical tape backing and "Tygon" tub-

ing (I.D. - .030", 0.D. - .072", Nortor Plastic and Synthetics Div., Akron, Ohio)

are attached to the latex with DAB cement (R.M. Hollingshead Corp., Camden, N. J.).

Stainless steel wire loops are glued with DAB to each end of thi occluder so that

the ends can be drawn together when implanted around the vessel.

These occluder8, whet" tested followi•ii thf, animal's poot-operative recovery

Ir period of approximately two wecks, have provided only o few successful occlusive

cycles before malfunction, usually the relault of a blow-out. Preliminary results
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indicate the addition of one or two more coats of latex to the original three
j

layers considerably improves its darability without sacrificing its performance.

C. Blood Pressure

Recordings from the implanted pressure gauges have been reliable and stable.

Our signal processing system consists of Honeywell strain gauge modules (Accu-II
cata 105) and associated DC amplifier units (Accudata 120 DC Amplifier). Vari-

able bridge excitation voltage and amplifiei gain are available to the operator

anti are used during our transducer evalu&tion tests.

Standard acceptance evaluation tests are run on all pressure gauges that

are ised in our laboratcry as previously described (McCutcheon. et al., 1972a;

McCut-heon, et al., 1973b). The transducers are examined for sensitivity, fre-

quency respons2, and temperature drift - schematics of the test and experimental

apparatus are shown in Figure A-9. Between the transducer's removal and subse-

quent imolantation, the sensitivity is checked. Further testing (e.g. tempera-

ture dritt) is lone periodically to insure the transducer is operating properly.II
To illistrate the results of the above mentioned test, a chronological

series of tests and recycling checks done on an implantable pressure gauge is

listed in Taile A-3. The transducer chosen is a Konigsberg P-21 (SN 15) although

many of our o.her gaugeL could also have been similarly represented. Including

a total of 12 chronic implantations ranging from 11 to 56 days, Table A-3 'epre-

sents the transducer's history from its evaluation test during June, )971 to

the most recent examination in September, 1973.

The column labelled "sensitivity" needs further explanation, for in our

laboratory we set the excitation voltage to match a constant output voltage for

a given input pressure. To accomplish some standardization with previous litera-

ture, the output voltages were normalized to the excitation voltage. Percent

changes in sensitivity reflects the difference from implantation to subsequent

1
I
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recycling during which the sensitivity is recalibrated. The change in sensiti-

vity varied from -1.9% to +0.8% with no consistent pattern seen as the transducer

aged, and the percent change in sensitivity remained small.

Evaluation tests on the P-21 #15 showed little change from 1971 to 1973. The

linearity test (including hysteresis) was accomplished by subjecting each gauge to

25m11g pressure increments from 0 to 300 mmHg followed by 25 mmllg decrements to zero

pressure at 37 C. Temperature stability tests include zero-pressure drift measur-

ments over a 32 0 C to 42 0 C range in a water bath, water (37 0 C) to ambient air to

water (37 0 C) transients, and a long-term three to four hour stability test in a

37 0 C water bath. Further test specifications and methods may be found in previous

articles (McCutcheon, et al., 1972a. McCutcheon, et al., 1973b).

Currently in use as implantable pressure transducers are Konigsberg (Pasadena,

California) and Bio-Tec (Pasadena, California) models. In dogs for aortic and left

ventricular placement, 5.0mm (P-19) and 7.0mm (Q-21) Konigsberg gauges as well as

6.5mm (BT-250T) Bic-lec transducers have been used. Smaller 4.011 (P-13) and 4.5mm

(P-12) Konigsberg transducers have been implanted in the monkey's aorta and left

ventricle. The above gaugen have been satisfactory in terms of performance and

durability. Occasional transducers have failed our acceptance evaluation tests

and were returned to the manufacturer.

After the pressure gauge has been tested, a silicone rubber (General Electric

RTV-112 Adhesive) "washer" is molded behind the sensing element. A typical pre-

paration is shown in Figure A-10. The gauge head is then briefly treated with

TDMAC and heparin anticoagulants (bee Cannulae section for details) before gas

sterillzation.

A significant improvement in aortic wall integrity at the pressure gauge

site has occurred since placing a silicone rubber "washer" between the sensing

element and vessel wall. Since the initatlon of this method, 16 dogs have been

implanted with an aortic gauge and no deaths have resulted from wall rupture at
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this site. Previously, damage at the aortic gauge site accounted for approxi-

mately 25% of the deaths. Apparently, the motions resulting from the heart's

contractions (and probably the experimental vibration) caused the sharp edges

of the pressure gauge sensing head to break down the surrounding tissue. Pres-

sure transducers in the left ventricle are also fitted with a silicone washer.

At the aortic implantation site, silastic sponge material (Dow Corning M812) is

also fitted around the vessel for additional support.

Clot formation over the treated portion of the transducer withiu the vas-

cular system nas generally not been a problem. Proper placement within a vessel

* or chamber is very important. Autopsy results have shown that when the gauge i:

inserted too deeply into the vessel (aorta), there have been occasional, yet well

developed clot formations anchored to the gauge's wire connector. The depth of

penetration of the pressure transducer in the left ventricle appears also to be

a critical feature, especially in the monkey. Clot formation in this location

has been minimal, although when the gauge is pulled closely to the wall at the

apex, a combination of tissue growth and/or thrombus formation has occurred. With

this latter placement, or when placed too deeply into the ventricle, the resulting

ventricular pressure trace has exhibited an abnormal waveform, probably as a re-

sult of pressure transients arising from lateral compression of the transducer.

Noibe of our dogs have shown such phenomena. The relatively small size of the mon- n'

key's left ventricular chamber coupled with possible changes in contractile pat-

terns associated with the increased cardiac output of stress may also account for

the occasional presence of these sharp artifacts.

Both the Konigsberg and Bio-Tec transducer connectors have been generally

reliable and durable. IThen not opened for a period of two weeks during implanta-

tion, both connectors have exhibited some fliid leakages when sealed as recommended.
A commercial cleaner (Freon TF Degreaser, Miller - Stephenson) has worked well

for cleaning these female pin connectors. Being relatively small (approximately
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0.25" diam., 1.5" long) the connectors are well suited for the fabric pouch tsed

in the chronic animals.

EL:travascular transducers have been used for calibration of implanted gauges

or pressure measurements during an experiment. These transducers undergo much the

same evaluation tests as do the implantable gauges. In vivo calibration of the

implanted aortic gauge is accomplished by using a gauge (Ailtech MS-10B, City of

Itdustry, Calif.) connected to the aortic cannula. The ventricular gauge is cali-

brated by measurement of left atrial pressure through the cannula to that cham-

ber. A manometer-tipped catheter (PC-350, Millar Instrument Co., Houston, Texas)

has been used to measure pressures when vessel cutdowns are necessary or appropri-

j ate. In contrast to the system employing a fluid filled line, the catheter-tip

gauge exhibits minimal vibration artifact.

D. Pacemaker Probe

Since some of the more recent investigations require control of heart rate,

a pacing probe has also been implanted routinely. Earlier attempts to place a

pacing catheter acutely (femoral and external jugular vein entry) prior to the ex-

periment wei. not always successful, especially when the animal was subjected to

vibration. Capture of the cardiac pacemaker was intermittent, probably due to

failure of the pacemaker electrode to seat itself firmly in the right ventricle

during vibration. To pace the animal we have been using a Grass Stim-ilator (Model

S4G) connected to the pacemaker lead via an iso•.ation unit (Grass Model SIU-4B).

The bipolar pacing lead has also allowed relatively artifact free monitoring of an

ECU signal during non-pacing experiments. No pacemakers have been implanted in

monkeys.

During iriplantation the pacemaker wire is suturad to the surface of the right

atrial wall. A commercial semi-floating pacing probe (Elecath #561, 4 Fr., 100cm)

has been implanted in the majority of dogs, and becauve this pacemaker is intended

to be didposable, and is in fact quite fragile, a new pacemaker must be used for
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each dog. Recently, we have also used silicone rubber insulated wires (#29-51 x

46 Stranded Copper Conductor, Caltron Industries, Berkeley, Cal.) terninated on

j the atrial end by a soldered ring and on the pouch end by a small male connector

fitting. This latter approach again employs two conductors (bipolar pacing) and

we further coat the wires with medical grade Silastic (#861, Dow Corning).

Further studies need to be accomplished to determine if lead corrosion over a

nominal implantation time of 30 days adversely affects the pacing pulse. To

J date, qualitative results have been satisfactory.

E. Cannulae

i Placement of cannula directly into the right and left atria of both monkeys

and dogs has become a routine feature of the animal surgery. To calibrate an

implanted pressure gauge located just below the arch in the descending aorta, an

additional cannala is inserted into the left subclavian artery which ia then tied

off. With these cannulae, mixed venous and arterial blood samples can be taken.

When an extravascular pressure transducer is connected to the left atrial line,

a pressure equivalent to left ventricular end diastolic pressur: may be obtained.

The reliability of the cannulae for blood sampling and pressure calibration

j has varied depending upon the animal, the care taken in placement, and cannula

design and construction. The tubing used in all our cannulae is "Tygon" plastic

"1 itubing (Norton Plastic and Synthetics Div., Akron, Ohio) having an I.D. of .038"

and O.D. equal to .072". Joints between the tubing and fitted materials (e.g.3
polyethylene y-yoke) are made with DAB cement (R.M. Hollintgshead Corp., Camden,

N. J.), Resistance to kinking has been excellent and ic has held up quite well

for implantation times of four months. The anti-coagulant treatment (see below)

tends to reduce the tubing's plaLticity, but not enough tc. cause kinking or split-

ting after implantation. Tissue growth over the cannula tips in the atria has

I caused occasional problems by acting as a one-way valve. Differant shapes for the

inlet portion of the cannula are still being investigated. The portions of the
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cannulae which would be placed in the atrial chambers are illustratEa in Fig-

ure A-lI. Both designs are being used presently, the straight tip in the left

atrium and y-yoke in the right atrium. Getting a consisteatly reliable right

atrial sample has posed a still unsolved dilemma as autopsies have regularly

demonstrated rampant tissue growth over any cannula tip in uhe right atrium

while the left atrial tip has remained free. The y-yoke tip (s) present a large

surface area for sampling - in fact, their use has been prohibited with some of

the smaller Rhesus monkeys - but the same type of one-way valves have formed. At

present, our solution to maintaining right atrial sampling has been to check cath-

eter patency as soon as pobsible after surgery, and to flush daily. The cannulae

inserted through the subclavian artery (Fig. A-lI) into the aorta do not seem to

have the problem of tissue tlockage and 'ave been very reliable for sampling and

pressure measurements.

Another method for obtaining mixed venous blood using the cannula in Fig. A-11

has been in the testing stage to date. Entry through a branch of the vena cava,

such as the azygous vein, into the atrium, and then possibly across the tricuspid

valve into the right ventricle has shown some preliminary success. Apparently

less tissue can accumulate on a "floating" type of cannula as opposed to the tubing

rigidly attached to the atrial wall.

j_ Anticoagulant

A coating of "TDMAC" (Tridodecylmethylammonium Chloride - Polysciences, Inc.)

and heparin prior to implantation has been successful in preventing clot formation

on the implanted tubing. A two-step process is currently used (Grode, 1972), and

the tubing is allowed to dry thoroughly between and after treatments. Because the

TDMAC solution tends to remove plastomers from the "Tygon" tubing (Leininger, 1972),

the cannula tip is briefly dipped into and flushed with the TDMAC solution. After

(drying, the tubing is soaked in and flushed with the heparin solution for approxi-

r•ately 10-15 seconds, then allowed to dry before gas sterilization.
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F. Accelerometers

To enhance the study of vibration-induced acceleration, individual organ

accelerations may be examined with an implanted commercial accelerometer (Konigs-

berg single axis accelerometer, Models Al and A2). Data have been obtained from

the ascending aorta (rigidly attached to the flow probe) and from the descending

thoracic aorta below the arch. To facilitate surgical placement and allow axis

identification, a silastic base was molded to the accelerometer at a cost of

adding some mass to the acceleroaeter. Further development of surgical technique

and/or smaller silastic anchoring hinges is progressing to reduce that particular

drawback. Other organ acceleration sites are planned, but these should present no

implantation problems,

The implanted accelerometer received in our laboratory is subjected to eval-

uation and calibration tests !some of which are similar to those involving im-

plantable pressure transducers described previously). Static tests include tem-

perature drift, ± 1G sensitivity ratings, and cross-axis responses. Dynamic sen-

sitivity, frequency response, and cross-axis response are tested using :he vibra-

Cton system facilities and precalibrated accelerometers in the Wenner-Gren Labora-

tory. The Konigsberg accelerometers have generally been satisfactory (although

one accelerometer developed an erratic sensitivity due to an internal malfunction

a i shortly after receipt). An in-vivo t 1G calibration for an experiment is accom-

plished by rotating the animal in the desired axis.I

G. Temperature

To record an accurate internal temperature, a precalibrated thermistor bead

* (Yellow Springs, Inc.) has been implanted in the thoracic cavity and sutured to

the muscie layers. Earlier troubles with fluid leakage into the connector wire

and wire breakage have been nearly eliminated by encasing the lead in flexible

silastic tubing, sealing the bead end with silastic adhesive, and closing the

connector end with suture tie and shrink-tight tubing. In cases where an intra-
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thoracic probe was not implanted, rectal temperature has been measured via an

acutely placed probe (Yellow Springs, Inc.). This recording has not been as

reliable as information from the implanted sensor since we have had some pro-

blem maintaining a standard anatomical (ane temperature) reference point dur-

ing the z-axis vibration. Either a Honeywell Temperature Module or Yellow

Springs Scanning Telethermometer serves as the first interface between the

probe and paper chart recorder and/or computer.

H. Implant Support Mnterials

Included in this section are the qualitative evaluaticons of materials asso-

ciated with the devices implanted in the animals. The investigation revolves

primarily around the use of nylon and dacron velour fabrics. Determination of

the success of the implant material has depended upon the results of tissue exam-

inations and gross observations made during the chronic animal's implantation

period.

In the majority of implanted animals, the skin tissue - velour fabric pouch

margin has formed a tight seal upon both gross and microscopic examinations as

summarized in Table A-4. Sections generally bhow skin with an unremarkable epi-

dermis and upper dermis. Further microscopic findings indicate the pouch fibers

are embeddtid in fibrous tissue arising from the subcutaneous layers.

Excepting instances where many pouch openings can be expected (i.e., most of

our monkeys have required almost daily atteation to maintain right atrial canrula

patency), the double layer nylon velour pouch has become the standard pouch im-

planted. The dacron pouch serves as an alternative as it is a stronger material

over long implant times than nylon. Different tissue ingrowth patterns have not

been itoted between these two velour fabrics, but our experience with dacron has

been limited.

Because of che nylon velour's capacity to form a firm fabric-tissue inter-

face, this material's use has been extended to other areas of the surgical pre-
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paration. Autopsy examination of the velour covered leads has revealed that

an effective tissue seal has formed along what would have been the lead track.

The extent of the foreign body (tubing, DAB cement, velour) reaction has not

been sufficiently defined at present. Without the velour, variuus degrees of

fistulae have formed along the lead sites regardless of the composition of the

implant devices' leads we currently employ: silastic coated wires, polyvinyl-

chloride insulation, "Tygon" tubing, and various other plastics.

The addition of a velour layer to the leads does, however, create more lead

volume and more tissue must be disturbed when routing leads from the chest to

the pouch. If bacteria invade the implanted velour, the treatment of the infec-

tion is a much more severe problem than if the material were not there, for the

fabric site containing the bacteria is nearly inaccessible. Whether the addition

j of velour to the leads is beneficial to the overall chronic animal preparation

has not yet been determined.

111. NON-INVASIVE MEASUREMENTS

A. ECG & Temperature

Depending upon the particular experimental protocol, skin electrodes (Beckman)

j are also available for external measurement of ECG. Skin temperature probes (Yellow

Springs, Inc.) are applied for measurements of surface temperature.

B. Oxygen Consumption

Oxygen consumption has been measured on both unanebLhetized mnd anesthetized

animals. A flow-through system (Fig. A-12) is employed for awake dogs and monkeys;

that is room air drawn past the animal's head will show a decrease in oxygen content

dependent on the amount of 02 consumed by the animal. In an anesthetized prepara-

tion, oxygen consumption is determined frcm the known respiratory volume and rate

and by sensing the partial pressure of oxy3en in the output port of the respirator.

Further helmet-mask development for the dog (Fig. A-13) is occurring with em-

phasis, as was done for the monkeys, on obtaining a uniform room Air flow rate

past the exhalation site.
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Not all dogs have accepted the plexiglass helmet upon initial trials and

it has been necessary to acquaint the dogs with the helmet. The helmet in its

preliminary design is secured to the vibration restraint chair with tape and

padding. Helmet design requires allowance for space for the dog to pant as they

do during a vibration protocol. Our brief experience with a latex mask, which

did not have enough dead space to allow panting, showed that a dcg's internal

body temperature rose noticeably in a short time period.

The monkey helmet (Fig. A-14) is formed from lightweight, transparent plastic

j and is 6ecured to the vibration restraint chair by a large hose-clamp. With the

present design for monkeys, we use two different size helmats depending on the

size of the monkey. The bottu% plate of the helmet has holes allowing a controlled

room air inflow aad a rubber seal which fits loosely around the monkey's neck.

Room air flow rates are controlled by an electric blowet and monitored contin-

Suously by a Fleisch pneumotachograph (lIstrumentation Associates, Inc.) connected

to a differcntial prccsurc gauge (Statham). This combination, after calibration,

4 results in a hard-copy recorder printout. For the monkes, an air flow rate of

10 L/min is generally used. For dogs, Lhis is increased to 15 or 20 L/min. Flow

Sl rates below these values tend to compromise the quality of the mixing of exhaled

j and room air plus altering the normal partial pressures of inhaled gases. The

sensitivity of the measurement decreases with increasing flow rate.

I The mixed ratio of exhaled air and room air is then sampled continuously wlth

a vacuum pump at approximately 400 ml/rnin. To eliwiuiate varying temperature-

I humidity effects in the open system, before entering the oxygen sensor csl (Applied

Electrochemistry Inc.), this sampled mixture is pulled through a drying tube. A

readout voltage proportional to percent oxygen content is then available for the

I recorder and computer (where 02 consumption over a selected period of time is cal-

culated).
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Calibration of the air-flow system is accompli..hed with the use of a bubble-

flowmeter (precalibratc-d) and vacuum "ine. The 02 sensor has been periodically

checked with tank oxy5,en concentrations: a higIg end of 98% 02 and low end of 11%

02 are used. Daily standardization is aczompiished by reading "dry" room air.

The responfse time of the AEI thermal cell sensor is in milliseconds, but the

overall response tLmes of the flow-through system are much larger. Depending upon

the dead space volume in front of the sampling line, the delay in generally 2 to

5 seconds. The drying tube adds another 6 scconds to the response time and there-

fore the final breathing pattern seen Is quite damped. To determine a respiration

rate more accurately using this method, the air in the system can be heated to the

internal body temperature and drawn through the sensor while saturated with water

vapor. At Fresent, this latter uethod is being developed.
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IV. Summary of Chemistry-Hematology Measurements

Depending upon the animal's condition and the experimental protocol,

the following tests as sulmarized are conducted on a routine k-asis: Th
1. pH, pO2, pCO2 (Radiometer determination - Radiometer A/S,

Copenhagen, Denmark).

2. 02 and CO2 content (Van Slyke technique or nomogram calculations

from radiometer and hemoglobin measurements).

3. Free Fatty Acids (modified technique from Nolrak, 1965, in

Lafferty, et al., 1973).

4 Coctisol (competiti4e protein biuding assay of Murphy, 1967

and Beamer, et al., 1972).

5. Glucose (glucose oxidize - peroxidase method-GOD-Perid,

Boehringer Mannheim Corp., N. Y., N. Y.).

6. Hemaglobin (cyanmethemoglobin method - Globintest, Pfizer

Diagnostics Div., N. Y., N. Y.) and Hematocrit (capillary

tuoe).

7. White Blood Count (hemacytometer) and Differential WBC

S..unt (slide using Quik Stain, Chemstat, Inc., inglewood,

Calif.).

8. Other hematology tests such as sedimentation rate, red cell

fragility, and reticulocy~e count are performed when indicated.
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TABLE A-lb

TYPICAL BLOOD GAS AND RESPIRATORY VALUES FOR BOTH AWAKE
AND ANESTHETIZED DOGS TAKEN FROM THE PRESENT STUDY AND

A SURVEY OF RECENT LITERATURE

TYPICAL WLOOD GAS 6, IESPIIATOKY '.ALUFS FOR *IDOGS

wt pH Po2 m 2 2 00 2 1ffTrm

3OUlct ks seaft vol % Vot %

x H SD 8D SO H So m IB H ID

Anooth. (Art.) I to 9 20.3 7.36 .06 83.1 13.6 '3.1 4.9 15.8 3.1 43.6 4.5
J akt (Art) 3 to It 20.1 7.43 .06 63.6 8.7 36.2 5.2 16.3 1.6 40.3 4.6
Aftne. (yVe.) I to 9 20.3 7.27 .07 41.6 3.5 54.3 4.3 10.7 2.6 48.0 S.9
Awake (VIn.) I to 11 20.1 7.37 .05 42.8 2.1 40.5 3.4 9.7 1.2 46.9 1.2

Courtney & "grotto (1972) 0 17.5 7.32 .02
C*arrell 6 Hilhort (1971) 54 13.9 75.0 1.0

*7 atrntl]L .1 .1 (19734) 5 25.0 7.34 197.0 36.5
Nm.F1ival at a1 (1973b) 19 19.0 7.15 213.7 37.4
Park at al (1964) 20 1.42 .01 21.5 0.7 37.7 1.0
Park .t a1 (1970) 6 7.39 .01 96.2 3.7 39.4 1.6
Pitramar at (1972) 34o 6 13.1 7.41 .01 k.0 3.1 36.0 1. 7
$ta.o.a and Brca (19 58) 17 7.39 I.Ot 37.2 *|.6

a9ncoront .t a! (1960) 6 7.32 .06 6.33 7.6 50.0 7.3
*Shaffer at &1 (1971) 6@on 11.0 7.39 $7.2 34.1

Iv t "1 V O L " 0 2 0 0 "m . o n C 2 o 't O U • . I • v i " R C

SOulict£ 9 Its be/le/u L/mmt LOt/t mi tý I02ift C 7.%

X j X I ID X S X SD Is SD IN SU
PIJSENT r'Jvy 2-75 105 1 .

IOJttito at at '29') 1 4`.7
1terc2e .15.)

Barler at al (1956) 3 4 100 6.04
Exerc 2se 3 150,

aCourt. 7 6 trotto (1 972) to 171. 25.0 12.0
Hatwnso (1957) 59 13.976 5.1
GalsH o ( 197)) 27 12.04 71 6.3
Co14 at ol (1963) ntotrol 4 11.0 to"Iaarctae (As at-) 4 11.0 "0otetry A 110 910 ,

*oMattn 4, .lrttl. (1967) 14 .0 114.3 12..2 3.92 2.66 39.0 .4• lU 1952) 341.7 .

Hood & HtAgnto (1965) 17 17.0 1.0 92.0s•Hkrlt (1919) 245 10) 4.31

PmsakutI & Paller (1967)
Cntrol 11.0 120 3
E..rtl.l ( .5) In) 11.0 9002

Marotoin & erM'd (L955) 1& 20.0 104 39.2 S9.0rifitto & ruhr~ma 5 15.3 243.8 39).0

Control (Uri node•) 15.0 120 3.0
E-atrctst (15-40 -in) 15.0 to 23.0

Control (Train.d) so
ERo.,o.. (15 a•n 4 h,) 43 0

Potmo at al (1972) 6 13.1 14.0 3.04 .38
Procht at @1 (1959) 36.5
Spector (1954) 16.0 5.20 38.9

-All a.,t. artartal .ail.a f- *owethl.tload with stdit pentobartltal.ea~ek. *nt1l unties othanviai noted. "S - etandard error oa Oanj .7ne1tritrld with ChrelOll uthan*. Tru Alttm 6 Dittmr. Respiration 4 Ctrcutltltt (1971)
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TABLE A-ic

TYPICAL ýTTABOLIC AND HOR1IIONAL VALUES FOR BOTH AWAKE

AND ANNESThETIZED DOGS TAKEN FROM THE PRESENT STUDY
AND A SURVEY OF RECENT LITERATURE

VT tof. m (o. M~AL can tco- Ocavlsoe ALM- GWT

.03 .0 .417.1 .1 4 9

lod(V~i is . 40 .12 2 .16

S ~.1. *i1 6M)3 23

:: i 3 Se) Yileattime 23 (44 3.8

Be 4 Bel I is) v~b,.hIim 33 370 4.0

U~a 4ip ( I)3 is.) 8.3
lo:a 4is (11WI) 2 31.

at at * (1970) 313

iit ' :) (195) 20 J2 I 33 5 .4 35.

C-19.. :: *1 (1954) 12 st1e-Vraok.1 Mile353 .

C'ru.(1,. *t .3 ((39 21 I 'l av. t.. 7(.4

c t .3. 30941) 3 57 (9 .0 to.?
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TABLE A-2

BENCH CALIBRATIONS USING VARIOUS FLOW MtEDIA AND DYE
CURVE CALIBRAIION RESULTS ARE COMPARED

Probe Mfg.
Ser. No. BENCH CALIBRATION DYE CURV'E CALIBkATION 7 DIVFEWICE

3 3
Site o ___ - , ,Dye-Nench

(I AL I-X LiMll "W.HT [ATE CLI-LI ±L.!M13 Animal N 2 -.HCT C.O. L/MIN C.O L/MIN DAITE fle

______I VT. KG

Zepedo 10.7 Sal. 6/5/73 14.30 1-66 DOG 18 3 377. 3.59 0. 2^0 4/30/73 +)08
SN 924 8 8 37r, 2/22/73 12.85 0.25 D 202 2 3)7' 3.1. 0 173 4/19,73 +317.
22 C) 8.8 421 2/20/73 7.24. 1 .46 PIC 575 2 447. 6.52 0.466 11/30/71 .21%

6.5 Sal. 2/22/73
.7 42". 1/17/73

A- 8.1 7- 11.5 Y x 0"- x 100 - +307

7epeds 10.2 40,. 1/5172 10.00 0.33 . (; 185 3 39'" 2.35 0.131 5/7/73 +16%
SN 922 Q.6 42% 2/20/73
/20 4 9.1 3". 2/22.73 14.00 1.40 )DG 1119 3 43". 2.60 0.106 2/8/73 +31%

8.7 Sal. 6/5/73 5 26 0 18 )G L185 3 37' 3.83 0.226 4/24/72 -73%
8 7 Sol 2/22/73 5 46 1.19 0 1607 5 367. 3.50 0.183 11/2/72 -661.
8.6 40.% 6/11173 8.10 0.40 OC 1607 3 387 3.31 0.158 10127/7 2 -12%7

-92 Y- 8.6100 .7

Zepeda 9.8 427. 11//72 11.60 0.70 774 4 42% 3.4.5 0.251 5/10/73 4*16%
SN 921 8.1 427. 1/17/71
(20 M) 7.7 Sol. 618/73

• x -85

Zepeds 8.7 37r. 2/6/73 12 60 0 55 IM L199 3 44t. 4.43 0.29, 10/30/72 434't
SN 767 8.6 Sal. 7/13/71
(20 w) 8.3 4,27 . 1/17/72

8.1 o1. 1/5'7)j

S- 8.4

In Vivo- 29.2 42% 1/10/73 12.24 0.79 O; 16!5 4 477 5.97 0.230 7/;17/72 -138"7
Met.ic 26.2 421 10/3/72

SL-1B 21.0 Sol 1/8/71
2:09 20.4 ,7% i2/13/72

0.24.2

Zaped" 8.6 . 21. 1/10/73 10.45 1.20 0o 19/73 4 397. 2.99 0.18] 7/31.1 +18%
SN 931 8.2 Sal. 1/3/73
(18 m) 6.8 e.5% 1/18/72

i- •7.9

Zep*da 8.A 427. 1/9/73 8.90 0.5 DOG 822 4 37% 2. 3 .146 11/8/72 +20%
SN 923 7.1 377. 2/6.73 8.75 1.58 8930 5559 4 35 4.57 0.235 3/13/72 +22%
8 -) 6.8 j..57. 9/25/71 5.41 0.37 003890 2 387. 3.50 0194 9/17/71 -31%

6.7 Sal. 1/4/736.7 . 5t 1/14/72

6.7 Sol. 114/73

1-.2 y-7.7 Y.t a 100 +-#

4 3 .7?,71 2h/ /71 1f. 0 1.50 NX 55 A .5 0.230 1!'24,'73 .4 %
SN 793 9.3 377. 2/22173
1 5.5 Sl, 2122,''3

7S,.o 1.1 377. 12/8/72 2.35 0.16 Mn 4t8 3 27' 1.27 0.2% 7/18/72 +53%

.N Iu 9 1.2 Sal. 11"28/72 1.26 0. 15 '/ 481 5 39% 1 28 0.213 6/68/72 157%
(7 am1) 1. 42'. 1/12/,7

2- 1.1 3•- .1.8-
1 x 100 +39%

Blo one 3.0 Sol. 6/8/73 7 32 1 K3KY 500 6 357 1.0 0.208 6/21/72 .5%7

B21 1.8 49'. 4/8,70
(7 

4 2

4otes: (1) CAL - Hitotronix ?Iosm tar BL6I' volta.e signal for which an equivolont flow to determli•d.(2) N - N14ber n.f dye cure .e d ota for. f ip, * 1 cala•rtlo•n.

(3? 7. illference 1. caiculatad using equivalent paraneteru (RCT., DATE) for both bench #,td dye curve CAL figures.



TABLE A-3

CHRONOLOGICAL HISTORY OF A KONIGSBERG P21 (SNL5) IMPLANTABLE

PRESSURE TRANSDUCER CURRENTLY USED IN THE LABORATORY. VERY

SMALL CHANGES IN SENSITIVITY ARE EVIDENT AND THE LATER TESTS

DONE ON THE GAUGE SUGGEST THERE IS MORE TEMPERATURE STABILITY
WITH LONGER GAUGE LIFE.

TEST: F. S. LINEARITY -*0.4% (6-10-71)

32oC-42oC a -. 25 mmHg (6-16-/l), +2 m}g ( 6 -10=71)per *C.
TE(P. STABILITY - W.A.W.u+13.5 mnmeg (6-15-71)

(V - 5V.) 4 hra.- lumHg (6-10-7i), 0 umft (11-10-71) at 370C

SENSITI4'IY - 101.1 pv/v/cmHg at 10V EYý-tation (6-10-71)
FPMUENCY RESPONSE- -J100 Hz(6-10-7 1

IMPLANT TO DURATION OF TRANSDUCER SENSITIVITY % CHANGE
DOG REMOVAL DATE IMPLANT (DAYS) SITE pV/V SENSITIVITYNUMBER cm•

8274 8/7/71 -
8/L9/71 13 Aorta 101.1

10171 - 7 Aorta 100.7 -0.4
10/7!71

101871 10/18/71 - 22 Lt. Vent. 100.7
11/8/71

112371 11/23/71 -
121/118 Aorta 98.8 -1.912/10/71

5791 2/28/72 - 11 Lt. Vent. 98.8 0
3/10/72

5897 3/17/72 - 6 Lt. Vent. 98.8 0
3/,!/72

L15 4/7/72 - 21 Aorta 99.3 +0.5
4/27/12
" 5/24/72-

1600 7/19/72 56 Aorta 99.3 0
7/19/72

11/1/72 ---

1416 11/19/72 19 Lt. Vent. 99.3 0

1119 1/24/73 19 Lr. Vent. 101.1 +0.8
2/11/73

S18 4//7 -
5/20/73 48 Lt. Vent. 99.8 -1.3

5 0 , =

9/14/73 45 Lt. Vent. 100.6 '.0.8

TEST: F . • :iNEARITY ,,<+ %.'Y (9-27-73) -

3;-42u - t .339 8uImmg/"C (9-26-73),STEMP. STABILITY - W.A.W.-<1 =Hg (9-28-73)
(V EX-835V) 3 hr. - -0.5 onHg at 37°C (9-28-13)

SENSITIVITY - 100.6pv/v/cmHg (9-27-73) at 8.35V Excitation
FREQUENCY kFSPONSE - MOO Hz (9-27-73)
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!
RAYTHEON 704 DATA ACQUISITT ON SYSTEM

A. 704 Description

The Raytheon 704 Computer System is a general purpose digital computer

system primarily intended as the central element for data acquisition and

control applications. Some important hardware characteristics are 16 - bit

word length, 1.0 microsecond cycle time, automatic priority interrupt, direct

Input/output to control processor, direct memory access and a full line of

peripheral options. Only assembly language is supported. The configuration

of the U.K. system is shown in Figure B-1.

The direct memory access feature allows peripherals to communicate directly

with core memory independently and simultaneously with any program which may be

executing. Slower speed peripherals communicate with the CPU via the DIO bus.

The 16 priority interrupts may be connected to Raytheon peripherals or user

devices such as the 'start' end 'qtnn' buttons or a trigger from the ECG of the

animal under study. Several peripherals such as a time code generator controller,

experiment status switches, and a digital link to a remote computer will be

connected Lo the DI0 bus and the priority interrupts.

B. Mean Value Program

The programs of ihis system are designed to give a real-time print-out of

the average values of up to five analog input channels and to store these average

on digital magnetic tape. The voltageg on these channels represent slowly chang-

ing parameters such as body temperature, mean blood flow, etc. A sampling rate

of 256 readings per 10 seconds (25.6 Hz) was selected with a minimum print-out

interval of 10 sec. Sampling at a rate of 1 Hz would have been sufficient but we

wanted to examine the speed of the computer. The print-out interval may be set

at any integral multiple of 10 sec. but !.he data are stored on magnetic tape every



J 10 sec. The printed values always represent the average taken over the period

since the previous print-out; a typical print-out appears in Fig. B-2.

I
The programs in this system were designed to be very interactive and almost

completely dependent upon interrupts for execution. All programs are in core at

all times and a lower priority program is interruptable without damage, by one

of higher priority. The 704 has sixteen interrupt levels which may be connected

j" to external devices such as the 'start' and 'stop' buttons or peripherals such as

a timer or the analog to digital converter. Whenan interrupt occurs, the com-

puter begins execution at the specific location assigned to that level, provided

no higher priority level is in service.

Once the programs are loaded, INITALZ executes automatically and performs

various initilization chores, enables the 's~art' button, starts the clock, and

tc- thc wait loop (WAIT). In this wait loop the sense switches aze checked

and the type buffer is examined to see if any printout is requested. When no

other program is in execution, the computer runs in this loop continuously.

I Calibration is performed by reading the voltage corresponding to at least

two (maximum four) points in the range of each input channel. Since the inputs

muist hP linear (the equation y = Mx + B is used) the values M and B are calculated

using a least squares fit over the points which were read and then stored in the

calibration tables. The print-out will be in the appropriate physiological

units.

j When the 'start' button is presseda program (START) starts the A/D converter

and then returns to WAIT. When the A/D converter is through with the requested

,ru,,, . of ael (20 miicros ,cofl a er ic iriL ai r

I brings CALC into execution.
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CALC is the program which performs th2 arithmetic on the data. The volt-

ages just read are added to their sunming buffers. If it is time to print-out

V
or to write on magnetic tape, these sums are divided to get the average and

V- multiplied by the calibration factor to give output units of beats per minute,

mmHg, etc. Then they are stored in the 'type' or'magnetic tape'bufiers. CALG

i also starts a programmable timer whose period is equal to the desired sampling

period minus the program execution and A/D conversitn times. When this timer

times out an interrupt causes PIT to start the A/D converter again.

This cycle is repeated (approximately every 40 milliseconds when the sample

rate is 25.6 Hz) until the 'stop' button is pressed. The computer then loops

in WAIT until the 'start' button is pressed again.

I C. Dye Curve Program

S[ Measurement of cardiac output by the dye dilution technique is one way to

calibrate chronically implanted electeomagnetic flow probes (Rothe, 1973). The

classical Stewart-Hamilton analysis requires a plot of the downslope of the dye

curve on semilog paper with subjective assessment of the exponential decay con-

stant. According to this theory, the shape of the downslope should be an expon-h,
ential decay until recirculation occurs. Therefore, fitting an exponential to the

downslope before recirculation and extrapolating to the baseline should give an

accurate indication of dye disappearance with time. The area under the first part

of the curve is added to the area under the extrapolated exponential with the sum

being inversely proportional to cardiac output.

Application of this same method with a digital computer is a relatively

I straightforward matter. The signals from the densitometer (Waters Model XP300

with Cuvette Model XC-302) after passing through analog signal conditioners illus-

trated in Fig. B-3 are sampled by the A/D converter at 10 Hz (Stenson, Crouse,

8-3
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Harrison, 1972). The computer must have at least one calibration where a quantity

of blood with a known dye concentration is passed through the densitometer cuvette

while the voltage is recorded. For the monkeys and dogs under study, concentrations

= of 2.5, 5.0, and 7.5 mg dye/liter blood are normally used. The calibration signals

are monitored on an oscilloscope by an operator who presses 'start' and 'stop'

(interrupt level) buttons to allow the computer to read only the flat portion

of the curve. Each calibration signal is read for a period of 5 to 15 seconds.

Due to some drift arising from the densitometer system, operator control is

necessary. Following the calibration levels, a second pure blood zero is read

which allows the operator to determine the magnitude of the shift, if any, in

the blood zero baseline and gives a more meaningful calibration factor when

I averages are computed.

I The dye curve is read, as above, under operator control at a rate of

10 Hz and recorded point by point in an array (300 point maximum). When the

I'stop' button is pressed, the computer locates the peak point of the curve,

and then by a process of iteration the blood zero baseline prior to the injection

of dye is calculated. This value is subtracted from each point in the curve

to eliminate the offset.

The area under the dye curve is then calculated. Starting after the peak

at a magnitude of 0.9 peak voltage, the curve is examined in 3 second overlapping

segments (30 points each). Each segment is fitted to a true exponential by the

least squares method and variance and exponential decay constant (T) are calculated

and recorded. After each segment has been examined, the constant T which had the

smallest variance is selected and an exponential decay curve is extrapolated from

that point down to the baseline (zero). The area under the first part of the curve

b-4



is calculated using Simpson's Rule and added to the exponential area. The cardiac

output is then calculated with the following equations:

CAL = mg dye/liter blood
volts

amount of dye injectedC2.0. -

area under curve ; CAL

C.O. n = liter/minutejC.O. volts x minutes x mg/liter

volts

I The cardiac output is printed out along with several intermediate results -

see sample output in Fig. B-4. The operator may now choose to read another dye

curve using the same calibration, read another calibration, or exit to the system

I monitor.

I|

I a

I
I
I
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CVe I # DATE
XX**XXXX**Xy/xx/xx
01 1607 11 02 72
SPAN= 185 FREQ= 10 CAL= 1.8851
BASE= .2163 PEAK= 4.1085 AT 1I 96

TAU VARIANCE I TO 1
-. 0268 .0034 106 136
-. 0282 .0024 111 141
-. 0284 .0022 116 146
-. 0281 .0026 121 151
-. 0273 .0026 126 156

i -. 0271 .0025 131 161
-. 0267 .0026 136 i66
-. 0252 .004ui 141 171
-. 0219 .0065 146 176
-. 0167 .0088 151 181

SIM A= 14.182 V*SEC I= 60 TO 116
EXP A= 10.325 V*SEC V= 2.934
CARDIAC OUTPUT a 3.25 LITERS/MINUTE

I

CVO iD # DATE
2 1607 I1 2 72

SPAN= 160 FREQ= 10 CAL= 1.8851
BASE= a3166 PEAK" 4.9671 AT In 86

TAU VARIANCE I TO I
-".0339 -0033 95 125
-. 0354 .0019 100 130
M-.0355 .0018 105 135
-. 03345 .0029 110 140
S-.0325 .0042 115 145

S-.0296 .0052 120 150
-. 0252 *0069 125 155
-. 0191 .0096 130 160

SIM A= 15.214 V*SEC Is 41 TO 105
r EXP A= 9.517 V*SEC Va 3.382

CARDiAC 0JUTP1!T a 3.22 LITERS/MINUTE

Fig. B-4 Representative prlutout of on-line dye curve program
illustrating output of two dye cur-cs done on Dog
]607. Intermediate values other than cfrdLac output

reflect .-omputer calculations of baseline, peak, and

slope of curve along with Simpson and exporential areas.
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PREFACE

1.1 The purpose of this document is to present an overview of the data acquisi-

tion and analysis requirements for the Vibration Facility at the Wenner-Gren Labo-

[ ratory . The equipment avilable is a combination of analog signal conditioners

and digital data processors including a dedicated Raytheon 704 digital computer

(Appendix B), supplemented by a remote data processing syotem.

1.2 The data processing protocol presented here is designed to fulfill the re-

quirements of measurement of the physiological responses to vibration (AFOSR

Contract No. F44620-69-C-0127), and to Externally Applied Synchronous Energy

for Cardiac Support (EASE, NIH Contract No. 1401-116-3-2928.).

1.3 These specifications are intended to provide the base for initiating the

design and implementation of processing programs which will serve to satisfy the

data storage, on-line (real-time), and off-line processing requirements and will

use existing equipment at the Wenner-Gren Research Laboratory Vibration Facility.

1.4 This document does not imply any commitment on the part of the investigators

( to implement any or all of the specificatians outlined.

.I
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INTRODUCTION

2.1 Evaluation of Physiological Stress

Determination of the effects of stress imposed on an organism may be accom-

plished by reasuring a number of physiological variables. Heart rate, blood

pressures and flows, respiration rate, oxygen consumption, and body temperature

are examples of appropriate physiological measurements. Evaluating relative

"changes in these variables caused by a given stress requires correlation with

characteristics of the imposed function. For the particular stress of vibra-

tion with which the current studies are concerned, such parameters are table

displacement, and internal organ acceleration.

2.1.1 Dogs and monkeys chronically implanted with flow and pressure trans-

"ducers are used routinely as experimental subjects in vibration stress studies

at the Wenner-Gren Research Laboratory. The animal is strapped to a table and

accelerated (Section 3.1) in either the vertical (vibration-stress case) or

j horizontal (vibration-stress and EASE) direction. The table is actuated exter-

nally, and moves in a sinusoidal pattern at various frequencies and levels of

acceleration. Calibration of all physiological transducers is accomplished im-

[ mediately prior to a run. After a control period of stable values, the experi-

mental series of appropriate design is conducted. A recovery period follows.

In all case, both hard copy records on chart-paper and a multi-channel analog

tape recording are produced continuaously during the experimental period. Digi-

tal data processing based on the Raytheon 704 Computei is used to supplement the

analog data acquisition facilities with real-time (on-line) reports, and to pro-

duce an edited and condensed record of experimental variables on digital magnetic

tape for permanent storage and off-line analysis. All acquisition equipment re-

cords a digital time code in HH:MM:SS format for later comparison and synchroni-

zation of data. The typical experimental arrangement is shown in Fig. 2.1.

2.1.2 The Digital Data Acquisition System (DAS), described elsewhere in this

report, requires a remote operator control panel with lights, switches and a tele-

('- 4



MANEI CONDITIONER ANIMAL

CHARTCR

I 1RECORDER AICP

''24CHANDISPLAYj
L i CRT

I L 1'EK611 TrY #11

A/D

CO\NVERSIOfl12K N

116 bit,

p sec DI AGITAL,

Ir -L~~NT > RAYTHEON 704;L...

I L TIM~ AASE

READER DIOi

HH:"K :SS I i

IL - BCD DIGITAL TIXE CODE-.IFigure 2.1 Functional Diagram of Experimenral Configuration for
Vibration Test Facility.

Tabplcen -Control Period -Test Period - -Recovery Period- Repeat-

r -

Figure 2.2. Measurement Periods Required by Basic Experimental Protocol
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type to control the DAS, as well as a bank of appropriate indicator lights which

inform the operator of the DAS measurement conditions. A daLe coordinator is

also present during an experiment to inspect measurements as they are acquired.

2.2 Definition of Measurcment Interval

The experimental protocol is based on a four-component measurment interval

which may be repeated a maximum of 50 times and will not exceed 6 hours. The

procedure is outlined in Fig. 2.2. and shows the three components:

A. Control period, of duration t seconds. - Defined as the period of no

time-varying acceleration preceding a test period.

B. Test period, of duration tt seconds. - Defined as a period where the

t animal is submitted to steady whole-body acceleretion.

C. Recovery period, of duration t seconds. - Begins upon terminationr

f of the test period and ends with an operator command; no time-varying

acceleration during this period.

I D. Pause period, of duration t seconds. Data are not recorded on digi-p

i tal magnetic tape during this period, but liRting on the teletype continues.

2.2.1 Duration of Test: The total measurement period within a given experi-

ment for a certain frequency and waveform will be defined as t total- tc + tt + tr +

Stp seconds. The maximum total duration of a single test interval (t otsl) will

I. not exceed 390 minutes in any circumstance; the minimum duration of a single test

interval will not be less than 150 seconds.

2.2.2 The range of the control (t c), test (t ), recovery (t r) and pause (t )

periods is specified as follows:

IDENTIFICATION MINIMUM DURATION MAXIMUM DURATION

I (seconds) (seconds) (minutes)

t 60 900 15

t 30 21,600 360t

t 60 900 15
r

t 10 21,600 360

6



The digital dEta acquisition facility will halt measurements during the off-line

period (as dekT'ed in the System Operation Section, paragraph 7.1).

2.2.3 Becauoc the measurement interval and its components may vary over a

j wide range, a procedure for period identification is necessary. The procedure

must be flexible and applicable at the time data are acquired. The onset of the

I Recovery Period (t r) will be identified by data acquisition system (DAS) detec-

tion of the shake-table oscillator output. The other periods will be identified

by signals from the operator control panel teletype (Section 7.0).

i7

I.
!
I
I
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DATA ACQUISITION CHARACTERISTICS

3.1 Vibration

Both Horizontal and Vertical Shake Tables are in use at the Wenner-Gren Lab-

oratory. During any test using animals with chronically implanted flow, pressure,

and other transducers, several parameters are measured by the Raytheon 704 Data

Acquisition Processing System (DAS). The horizontal ahaka table is designed for

use with the Externally Applied Synchronous Energy (EASE) experiments. The verti-

cal table is reserved for use in measurement of animal response to whole-body

( vibration, especially with regard to physiological stress measurements.

3.1.1 The tables themselves are actuated hydraulically on cue from external

[ control equipment. The displacement of the table is determined by a voltage

1 function generator. The signals supplied to the table are specified to be pure

::-.:e waves with frequencies between 2 and 30 Hz. The frequency of the sine wave

J will be entered by the operator and is sampled by the DAS, with the direction and

zero-crossings of the shake table oscillatory output noted for use in calculating

j_ phasic relatio.iships. A period of lost data not exceeding 2.5 seconds at the start

of a test period is available for frequency analysis.

3.1.2 A digital time code is acquired by the DAS and is placed on the digital

magnetic tape for subsequent identification of tesL periods. The time code is re-

corded in BCD format as HH:MM:SS. Hardcopy records of the time-of-day and various

average parameters are emitted periodically.

3.1.3 Calibration of all flow and pressure transducers is accomplished iLme-

diately prior to and following the experimental procedure. Periodic rechecks may

- be re.,iested during the experiment. These calibration results are input to the

DAS both prior to and during an experiment. The DAS calculates calibration factors

from the input data and uses the factors for calcilations of the physiological

variables.

8
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3.2 Signal Processing

3.2.1 All physiological signals are conditioned by various analog circuits

before presentation to the DAS. Insofar as possible, raadom noise, drifting

baselines, interference from external electrical equipment and intermodulation

distortion are maintained at the lowest possible values. However, flawless data

acquisition ia not possible, and a certain amount of error detection by the DAS

is required. Channels which present illegal data, such as zero, constant or

out-of-range values should be omitted from calculations, after emitting an error

code and channel identification to tna operator.

3.2.2 The physiological and vibration pL.rameters of interest measured by the

DAS may be classified as follows:

I. Physiological

A. Cardiovascular

1. Pressure, Left Ventricular

2. Pressure, Aortic

S3. Pressure, Arterial

4. Flow, Aortic

1 5. Flow, Coronary

6. Heart Rate

. E. Other

1. Respiration Rate

2. Oxygen Consumption

1 3. Body Temperature

II. Vibration

A. Acceleration

1. Table

2. Body Organs

I



B.. Other

B1h1. Table Displacement

1 2. Net Force

III. Time Relationships (between groups I and II).

1 3.2.3 Based on their data acquisition requirements, the parameters of interest

can be grouped into three categories; (1) within-beat processing, (2) 10-second

I averages, and (3) time-related variables. Along with these groups, a 24-bit time

J code (HR:MIN:SEC) in BCD format, and periodic experimental comments in ASCII are

entered cn the digital tape.

3.2.4 The following analog signals are sampled during the experimental proce-

dure (not all signals are sampled continuously during the measurement interval):

VARIABLE CODE SAMPLING RATE NO. OF SAMPLES
(msec) per sec.

SLeft Ventricular Press. LVP 2 500

Aortic Pressure AP 5 200
Arterial Pressure ARP 5 200
Aortic Flow AF 2 500
02 Consumption 02 100 10

Acceleration
(Internal Organs) ACCI 5 200

Net Force NF 5 200
Dijplacement of Table TD 5 200
Mean Coronary Flow CFM 500 2
Mean Heart Rate HRM 500 2
Mean Aortic Pressure APM 500 2
Mean Arterial Pressure ARPM 500 2
Body Temperature T 1000 1
Table Acceleration ACCT 5 200

for possible later addition:
Venous Pressure VP 5 200
Venous Flow VF 5 200
Left Ventricular

Dimension LVD 5 200
Respiration Rate RR 10 100
Peripheral Arterial

Flow PF 5 200

3-axis acceleration (Internal Organ ACCII, ACCI 2, ACCI 3)

C - 10
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3.3 Anaiog-to-Digital Conversion

The Raytheon 704 DAS incorporates a 24-Channel "Milliverter" (Model MADC 10-06)

analog-to-digital converter. This device contains a 24 single-ended input multi-

plexer with sample-and-hold amplifier. Full-range input analog signals are converted

to 9 bits plus sign at a 50 kHz rate. Conversion time is 9.8 psec, aperture time

is 100 nsec, and approximate through-put rate (single-channel) is 50 kHz (max).

3.3.1 In order to maximize the precision in all measurements, the range of

signals measured by the Analog-to-Digital converter (ADC) in the Raytheon 704 Sys-

tem is extended to full 9 bit significance. In other words, the voltage range of

these signals is extended to ±10.0 volts. A full significance reading by the ADC

is expected to include 1 part in 512 accuracy, plus the sign of the input signal.

This is equivalent to 1.95 my in 10 v. For a blood pressure calibration of 100 mmHg/l0

V, 1 mmHg - 100 my, and resolution would be on the order of ±0.2 mmHg. For ; flow

calibration of 10 L/min/l0 V, resoluLion would approximate ±20 ml/mln.

3.3.2 During Pause periods, any A/D channel may be selected for output on a

D/A channel to a monitor CRT for direct visual comparison in order to verify satis-

factory A/D operation.

I

I?
ii

Io
I

I l
I



DATA ANALYSIS REQUIREMENTS

4.1 Within-Beat Signal Processing

A beat-by-beat analysis of several parameters is required. These para-

meters are illustrated in Figs. 4.1.1, 4.1.2, 4.1.3 and include:

VARIABLE CODE

Left Ventricular Pressure LVP

Aortic Pressure AP

Arterial Pressure ARP

Aortic Flow AF

"Upon receiving an external trigger signal, the within-beat interval will be

[ identified and the DAS will begin searching for valid data. The maximum sam-

pling rate shown in section 3.2.4 will continue until completion of the beat

is identified by the DAS, at which time sampling will cease until the next trig-

ger is received. The data will then be condensed into ten second intervals. For

those variables designated as maximum and minimum values, single points (maximum

and minimum) for that ten second interval are to be identified and stored on tape.

For each within-beat parameter (i.e., peak aortic flow (Q s),peak d(LVP), peak
dt

d (AF) , etc.) which is not averaged before input to the DAS, values for all beats
dt

within the ten-second interval are averaged and this mean value is stored on mag-

netic tape.

4.2 Processing of Averaged or Slowly-Changing Values

* Preprocessed averages of several parameters are acquired. The variables are

to be sampled as indicated and averaged over intervals of some multiple of 10 sec.

An option is to be available for reporting these 10 sec. avf:rages either individ-

ually or as averaged 10 second blocks in integer multiples up to 30. But always

data recorded on digital magnetic tape will be in 10 sec. blocks.

'I
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Psmax P . .-

Baseline 0

daxdPdr x d (max. slope ever achieved Pdmin
Idt between a and b)

I * * time equal to one second

I Parameters measured:

j smax P d(Lt )

F smin _dind(LVP) I mm

P snP -d(LVP)

Pdmin dt min

smean Pdmean
dt I mean

Figure 4.1.1 Left Ventricular Pressure
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P 1

sila

Baseline OL m I ... I I

SParameters measured:

Pdmax, dmin

SmAX, smin

max, AP
raitt

Figure 4.1.2 Aortic Pressure (AP) and Arterial Pressure (ArP).

dt

SVv

Qsmin

Baseline 0

Parameters measured:

ýsmax ± I Svmax
dt 171ax

I Q S(AF
Qsmn dt Imin

QSMean -ua SVe ae
dt mean

Figure 4.1,3 Aurtic Flow (AF)
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The averaged parameters include:

VARIABLE CODE

Mean Heart Rate RPM

Temperature T

Oxygen Consumption 02

Mean Aortic Pressure APM

Mean Coronary Flow CFM

Mean Arterial Pressure ARPM

4.3 Time Relationship of Analog Signals

An analysis of the time relationship between the physiological variables

(AP, LVP, AF) and the shake table variables (displacement, organ acceleration,

table acceleration, transmitted force) will be required. The ter 0 T will be

used to define the relationship of the vibration table to the cardiac cycle.

Specifically, 0T is defined as the time from the null position of the table

to some event of interest. An example is illustrated in Fig. 4.3.1. For ex-

ample, 0 TAF defines the elapsed time from the passage of the table through

zero to the initiation of aortic flow for the next heatt beaL.

4.4 Phasic Vpriables

Parameters of vhe vibration table and acceleration of internal body organs

resulting from the vibration inputare required. These parameters include:

VARIABLE CODE

Table Acceleration Gt

Organ Acceleratian GI

Net Force FN

Table Displacement W

Examples of the:ei parameters are shown In Figs. 4.4.1, 4.4.2, 4.4.3, and 4.4.4.
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4.5 Other Parameters of Interest

As time permits, the following variables should be measured by the DAS,

and recorded on digital magnetic tape. Digital processing of these data is

of low priority and should be accomplished only if no interference with the
i

aforementioned measurements can occur.

VARIABLES CODE

Venous Pressure VPI
I. Venous Flow VF

Left Ventricular Dimension LVD

Respiration Rate RR

Peripheral Arterial Flow PF

4.6 Calibration

* A calibration table will be constructed by reading standard signals from each

channel under operator control at the beginning of the experiment. All channels

will be linear, so two values will be required for each charnel, i.e. y - mx + b;

¶ r and b will be calculated by the calibration program and stored in a table. It

should be possible to re-calculate the calibration for a channel during the experi-

ment (during a pause or 'stop' petiod) and change the calibration table.

I
I
I
I
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DATA STORAGE REQUIREM'{ENTS

5.1 Magnetic Tape Storage

Data acquired during an experimental procedure are stored on both analog

tape and digital tape. All raw data are stored in unmodified form on analog

tape along with an IRIG-standard time-code superimposed on a I kHz carrier.

This time code may be converted into HH:MM:SS format by the time code reader,

permitting the off-line retrieval of raw data a: a later time.

5.1.1 Ddta stored on digital magnetic tai, will have undergone sampling

and considerable data compression. An identifi.Ation rec.--d incorporating the

following is required at the beginning and end of eve. Lest tape on each animal:

1. Animal number
t

2. Date: MM/DD/YY

3. Comments

The header for each data block will include:

1. Time of Day; HH:MM:SS

2. Vibration Frequency, (Hz)

3. G-Level

4. Period: Control, test, or recovery.

Results from no more than one experimental animal are to be stored on a single

digital magnetic tape. Data retrieval at a later time may be accomplished by

entering the start and end time in HH;MM:SS whereupon the entire contents of

the tape between the two times are dumped ori the teletype.

5.1.2 As required by the epecific data presentation demands explained in

Section 6.0 ot this report, CRT display of the physiological data may be accom-

I plished off-line, i.e. during pause and stop periods.

5.1.3 All digital magnetic tape files for a specific experiment are to be

kept on separate tapes, one animal per tape. Storage is accomplished in IBM-

compatabie, 9 Lt...k % bpi f.or..t with NG header or trailer labels. The end
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of a data run is delinated by 3 file marks on the tape. Odd parity and binary

format for numbers are required. Integer values for physiological data are used

wherever practical.

5.2 Intermediate Disk Storage

Buffer area on the fixed-head disk is required for on-line analysis and

data presentation. This area should be of sufficient size to allow graphic pre-

sentation of all the variables listed in Section 6. These displays may be re-

quested by the system operator during pause or stop periods, for a "display up-

date" or at the end of the run for a "summary display". The formats for these

display patterns are explained in section 6 of this report.

II.
I

TI

I
!

SI

I

I
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DATA AND RESULTS PRESENTATION

6.1 Teletype Formats

In the data acquisition protocol described here, two teletypes (KSR33)

are required, i.e., teletype #1 for a chronolog of averaged physiological

data, and teletype #2 for entering operator comment statements regarding

the progress of the experiment. Teletype #1 output is required for an on-line

record of integer multiples of 10 second average values of the physiological

parameters. This record is used to assess the present state of the experiment

and to review data from the beginning of the experiment. The format for print-

ing these data is presented in Fig. 6.1.1. Teletype #2 is used to type and pre-

view comments before they are entered on the maj.,etic tape and printed output

of teletype #1.

6.2 CRT Graphic Display Output

A Tektronix 611 storage and display oscilloscope is available for use by

the DAS. The CRT display may be requested in three possible formats. Para-

meters of interest may be plotted against (I) table frequency, (2) test inter-

val, or (3) time relatLonship, 0T' An example of each with the parameters of

interest is shown in Fig. 6.2.1. At any one time up tc four dependent variables

may be plotted against the same independent variable. A typical display is illus-

trated in Fig. 6.2.2. An "update" display is defined as a graphic plot 'Ohich can

be viewed as the data points are added at the completion of each test period.

A "summary display" is defined as a plot with all data points for the experiment

shown, and is available only in off-line mode at the end of a complete experiment.

I
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OPZRATION OF THE SYSTEM

7.0 The data acquisition system will require a control coasole for interfacing

between 1) Data Coordinator and 2) System Operator during the experiment.

The System Operator is seated at the main console and is responsible for con-

trolling and editing data sent to the DAS. This J.s accomplished by input from

Teletype No. 2 (TTY2). The Coordinator also useýs TTY2 for calibration inputs

(/CAL), comments (/MSG), and judges the quallcy of data and results by

viewing analog signals. Both the System Op:!rator and Coordinator must

communicate in order to define the various measuisment periods. A layout

of the control console is presented in P'g. 7.0.1. It has three major di-

visions, (1) control of data acquisition, (2) hardcopy 10 sec. (or an in-

teger multiple of sec.) averages of data on teletype No. I and hardcopy ana-

log signals of physiological data, and (3) CRT graphic displays for data in-

spection. The layout of the Control Inlicator light panel in the control

console is shown in Fig. 7.0.2.

7.1 Operational Procedure

A. The System Operator turns on the Control indicator light panel by

pressing the 'ON' panel button. He ,iso enters through '2TY2 the information

for the identliication record described in section 5.1.1.

B. The Coordinator inspects tI.e incoming analog data. When these are

acceptable, he announces readiness to begin the experiment.

C. The Systcý, Operator then enters (ON TTY2) the appropriate freqLency

(IFFQ) and G-level, "Begin Control Period" (ICON), which initiates data acquisi-

tion for transfer to digital magne(tic tape and TTYI output. This action also

initiates a timer to time the control period. (See Table 7.1.1 for TTY commands).

D. After consultation with the Coordinator, the control period is terminated

by entering "End Period" (/END) and "Begin Test Period" (/TST) code on the TTY2.

This resets the timer to zero, cues the shake table operator to begin vibration, and

st)ps transfer ot cata to LtLLý d Igittl magneti.. tape. After steady state values

(2 25
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TABLE 7.1.1

TELETYPE COKMANDS

/CXL Cancel Present Daia Period

/CAL Calibrate Analog Channels

/CON Begin Control Period

/ END End Period

IRCV begin Recovery Period

/RST Begin Test Period

/EOT Write End of File on Rape

/BvE Terminate Experimental Procedure

/MSG Next Line Entered Should go to Coments

Part of '1AG Tape Record

/FRQ Enter Vibration Frequency

/GLV Enter G-Lwvel

S* Rubout '.ey cancels command just entered

* Carriage ReLurn and Line Feed Initiates Command.

2
i

I
I

It
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of vibration have been reached, the Shake Table Operator presses his Table

Ready button. This turns on the Table Ready light on the Control Console and

again resets the timer to zero and data transfer to the digital magnetic tape

is resumed.

E. The Vibration Test period is terminated by typ'ig (/END) and "Begin

Recovery Period" (/RCV) by the System Operator. The (/RCV) signal 1) cues the

Shake Table Operator to stop vibration; 2)resets the timer; and 3)automatically

initiates the recovery sequence. Sequence (3) consists of a DAS search for

zero output from the oscillator driving table. When the output reaches zero,

the DAS resets the panel timer and activates the "Fecovery" panel light.

F. Recovery period can be terminated by typing (/END). This stops trans-

fer of data to digical magnetic tape (TTY 1 output continues). CRT 611 is now

accessible for update. Any other option is available after this button is acti-

vated. For example, (/BYE) inactivates all digital data acquisition, with CRT

611 remaining accessible for update. Or, enter f (/FRQ), G (ICLV), and (/CON)

to repeat above'- sequence.

G. Typing (12.AL) indicates to the DAS a calibration operation is to be

performed. The operation will be carried out by interaction with TT72.r H. A "Cancel Present Data Record Period" (iCXL) will also be available.

This label indicates the data from the preceding period is invalid and is not

to be used in the standard data reduction routine. For any other corrections,

:ne TTY2 comments will be used. The (/CXL) command also enables restart of
- i

the previous period.

k
I. The CoordinatoL may enter comments via TIY2 at any time during the

experimental period.

7.2 Displays

i The System Operator may choose the desired plots of data defined in Section

6.2. The 611 display is initiated by (1) pressing "PLOT", (2) pressing up to

four variables for Y and one for X, and (3) depressing "ENTER".
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A Model to Predict the Mechanical
Impedance of the Sitting Primate During
Sinusoidal Vibration

R. G. EDWARDS J.F. LAFFERTY

High-speed vehic'.es frequently transmit dy- simply "impedance") is defined as the complex
namic forces to their occupants. Depending upon ratio of the interface (transmitted) force to
the intensity and 40uration of such disturbances, the velocity at the point of force transmission
serious impairmer.c of operator or oassenger funo- (the vibration exciter velocity In the case of
tioning may ocrcr. This problem has led ro ex- whole boky impedance).
tensive resepvch directed toward defining and
understand3ng the dynamic response of the hur=an -z- .L
body. laloratory testing of man at 1.4 accelera-

tion amplitudes has demonstrated that whole body where
vlbrati~*rs In tl-e 2- to 30-Hz frequency region
produces the most pronounced mechanical effects Z - complex impedance
for ,ny given acceleratior, amplitude. Ziegen- F -amplitude or the transmitted force
ruccker and Magid ()I1 reported the intensity V - vibration exciter velocity amplitude
tolerance of sitting man to vertical vibration * -a phase angle relationship of the transmitted

to be lowest In the 4- to 8-Hz frequency range. force relative to Lhe vibration exciter
Coermann (2) recorded the force transmitted to velocity.
both sitting arnd standing man and found a whole
body primary resonant frequency of 4 to 6 Hz. Coerrann (2) has shown that for a system

He also demonstrated a remarkably giod approxima- consisting of one mass (m) atop a linear spring
tion to this experimental date by use of a simple (of spring constant, or coefficient of elasticity,

linear spring-mass-damper model of the hum•A k) and linear damper (of damping constant, or
body. Other invest 4.gators (2_-t) ,.avf' confirmed coefficient of damping, c) in parallel, the fol-

these results and contributid ad" >-onal informa- lowIr4 equations define the Impedance:
tion to help define man's vibrition r,.soonse.
Altough high acceleration intens.ties are at 112

times encountered .n vehicles and machinery, man Z - 22  k --' c -
cannot, for safety reasons, serve an a laboratory

subject in nigh Internsity vibration teets. It'
such cases, animals have typit.;1L.y been uscd as F

human surrogates (2-12). 0 ton' k C; .2 ,ý

Analytical models to predict the dynamic L (2)

response of man and animals have proven useful in

many instances (2 and 1). This paper describes where w = 2nf and f Is the vibration frequency.

sucn a model to accurately predict the impedance he illustrated that the impedance of sitting and

response for the sitting Rlhesus monkey when vi- st1,nding subjects could be approximated by that

brated vertically (i.e., + Se). of tne model defined by (1) and (2) with appropri-
ate values of whole body damping and elastic

ANALYSIS coefficients. It should be noted that +his modei
assumes linearity of cc. ;'f clents, and thus the

For the system shown In Fig. 1, whole body impedance ih independer., af vihration exciter dis-

mechanica'. velocity impedance (hereafter termed plaoemei.t (an.,_ the.efore acceleration amplitude).
Tha model is shown in Fig. 2 evolved from

Underlined numbers In parentheses 1sisfiweg * '4.1i; B er-on-Von oerke (9) model (Fig. 1) and
References at end of paper. 'rom sxprimental obeurvetions of a number of

x4
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Fig. 1 Development of a single-degree-of-freedom X. siN(WT)

model for impedance response of the restrained

primate. From Broderson and Von Cliarke () M/W=0.34+0.S43)F 2(F(5 C/W=-0.045+0.024F

2.54 +0.062F 5(F410 CA 6'-.0O4V

vibration tests with Rhosus monkeys. The imped- -1.15 +0.431 F I0<F<30 O.OJ3+0.00125F

ance modulus and phase angle equations for this Pig. 2 A two-mass, single-degree-of-freedom

model can be shown to be (12): model for impedance response of the sitting, re-

strained primate

1 k . -2. m /,(1.e) %.. 2

e2 .2 0.2+ .cl. 21a1.1 tude and decreasing frequency.

By requiring that k and c be independent
of amplitude, the ampl!.tude dependence of r =an
be determined from impedance data obtained for

gap' (4) tarious amplitudes at constant frequency. Suc-
J- cessive Iterations at each frequency resulted

in an expression for r in the form

where r a m,/m5. the ratio of "inert" to "sprung"

The development of equations (3) and (4)

require that k and c be Indepcndent of amplitude, where A Is the acceleration amplitude expressed

but permit a nonlinear frequency dependence. A in units of g.

nunlinear variation of k and c with frequency Equations (3), (4), Ond (5) define the vi-

would imply that system strain is aer,sitive to bration response of the two-mass model. The ex-

Sth:e rate of loading. While such a response is periments and results discusse' in the following

not uncommon for biological materlalt, a frequency sections (a) establish the experimental impedance

dependence of k and c may depend, in part, on response of the Rhesus monkey vibrated from 2

the nature of the model itself. to 30 Hz at 0.5 and 1.0 g acceleration amplitude&,

The furction, r, is expected to vary with (b) establish, based upon the ,.odel just presented,

both frequency and acceleration amplitude. Body whole-body elastic and damping coefficients as a

subsystems may well be amplitude restricted role- function of frequency, and (c) compare the re-

t.ve to whole-budy motlon, I.a., the dIzplace- sponse ,f tne model to that experimentally Tea-

ment of some subsystims are limited by the pres- sure.

ence of other body components. Subsystems which

reach their relative displacement limits will ?'MTHODS

tend to in.:rease 'he inert mass response of the

total syrten as •::sleration amplitude is further The We:ner-Oren Research Laboratory's

Incmeased; however, amplitudes In excess o,, 1.0 vertical electrohydraullc vibration exciter (i,
g may wýll result in a more c~mplicated amplitude 14) was utilized in this study. A force cell

dependence ,, r'. At constant acceleration ampli- arrangement (12, _,4) allowed direct recording of

tude, while-body resannse l- typicaily character- the force transmitted between vioratlor. exciter

I ized (2-b) as having a relatively large Irert and subject. Vlbration exciter displacement and

mass component at low freqksncieb, while an in- velocity were recorded from the output of recti-

creased damping respoiss at higher frequencies linear potentIometers attached to the exciter.

'"-catee rý"vtl Iee•:'ee in the iiert mass By supplying vibration exciter velocity and net

corponent. -T1e ratl_, r, might then be exrected transmittea force to a phase angle meter, an analog

to increLne 4-t?. l,.z.ri acceieration ampli- signul was produced which was proportional to
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Table 1 Summary of Animals Tested and frequencies (see TaiAe 1), e-ch at the same ac-

Vibration !waameters celeration amnplitu&de. Four animals wore so tested
ANIVL ACC"1JUTIO X o five times eac. - at an acceleration amplitude of

N Ica~) A4LITht 0(541e- Ord•,) _. 0.5 g. The cwo smaller animals (C and D) were

.. . then each. tested five times at an acceleration
, HS amplit.de of 1.0 g. An exposure duration of 30

1~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~~~e atig eac contdo.n•atpvriclvbaio .- ibrtion was specified on the bansiD

A (ITh,0) fp evirous tess which epstalsed 30 seres tob
I Tale Sumaryof Aimas Teredanufrequencie toe otanrlable r), esul ts Extendaed

C (i0to 1b.) eteron any giver, animal were separated by at least

b.) . (° one day.
________pliThe monkeys required no sedation or other

-"(i. . medication for these experiments since they ware
well adapted to the experimental environment,

[t 1S jb.) f In addition to daily handling, the subjects were

previously submitted to repeated exposures of

axtendud duration at all freqliencies Including
tne pnase difference of the two input signals. 6-hr exposures at resonance. When placed in the

Mechanical velocity impedance was thus obtained Impedance chair the animals were sacurel restrain-
by continuously recording (a) net transmitted ad by a lop belt and by belts around ea&r ankle.
fn!'ce. (b) vibration exciter velocity, and (c) The subject was restrained from banding ty a
ne phase relationship between equations (1) and rigid, mujtol sdAý placa thich ;hselcubj. , e ntacted

(2r). Fig. 3 Is a photograph of the experiental the animal only if he attempted to bend out of

hastun. the upright position.

4 a

by continuousy recording a- e rn.Ard e ya]pbl n yblsaon a',ake
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elasticity and damping versus frequency for the

RESULT'S sitting, restrained primate

The oomplex impedance for the 0.5 £ experi-

mints Is presented in Fig. 4 as a function of vi- angle curves as shown In Pig. 4 did not appreci-

bration frequency. The datA from Subjects A (25 ably differ between the different size animals,

Ib), and B (26 Ib), are grouped together, as are these data, for each frequency, were combined

those from Subjects C (10.5 1b), and D (11.5 Ib), without normalization. This figure thus repre-

since the animals in each group differed in serts the complex Impedance response of any size

weight by only I ib; thus, two curves are shown Rhesus monkey, in the sitting position, when vi-

for both impedance modulus and phase angle. brated vertically at 0.5 g from 2 to 30 Hz.

Since each animal was tested five times at 0.5 g, The curves of Fig. 5 represent mean valuas

each curve in this figure represents the mean of as determined at each test frequency by twenty

10 tests. The limits shown correspond to the mean data points. For each frequency 20 complex Im-

value plus or minus one standard deviation. Mhe pedance values were used in equations (3), (4),

two straight lines desigrated as "min" in the modu- and (5) to solve for k and c. Therefore, for

lus graph correspond to tht impedance magnitude ea-h of the 15 different test frequencies, 20

of an "inert" mass of weig.t equal to that of the sets of k and c were determined. Each set repre-

average for the subjects. A peak impedance oc- sents the magnitude of elastic and damping coef-

curs at 7 to 8 Hz for each group. At lesser fre- ficlents which, when applied to the model of

quencies the impedance moduli follow closely Fig. 2. resulted in a complex impedance response

those of an inert mass of like weight. At fre- which matched that experimentally measured at

quencies lrnediately greater than thost of the that frequency. The average values of k and c

' moduli peaks the impedance nrgnitudes decrease, thus determined at each test frequency ace pre-

From 12 to 30 Hz the moduli remain ab(ut constant. sented in Fig. 6. The mean elastic coefficient

The phase angle curves are approximat~ly 90 deg varies approximately directly with vibration

(the impedance phase angle of an inert mass) at frequency. On the other hand, the mean damping

2Hz, and then decrease rapidly in the "impedance coefficients exhibit a curve which looks similar

moduli peak" region. Beyond about 1)i Hz the in shape to the impedance moduls plot of Fig.

curves are In the 10- to 20-deg ran~e. This 5; however, the peak of the damping coefficien:

coul) indicate a predominant dampin; response curve is at 5 Hz rather than at 7 to b Hz.

since the impedance phase angle of a mass-less The curves of Fig. 6, along with equation

da:.per is 0 deg. (5), completely quantify the model presented in

q The moduli data shown in Fii,. 4 were nor- Fig. 2. For compurational purposes, v~i&.6 of

mAlized by body weight and plotted in Fig. 5. k and c from Fig. 6 were approxinated by three

veirsus vibration frequency. Sin:e tht, phase linear segments, as defined in Pig. 2, for the 2-

V-S
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Fig- 7 Impediance phase angle and normralized Fig. 6 Impedance phiase angle and normalized

dicted by the model of Fig. 2 the model or Fig. 2

to 5-Hz, 5- to 10H;ad1-t 0H ein. 7 and 0:).

Cmlxip-andcobtained from thet model Ch ande of Fig. 2 nd it manneir tonfdei-

Iscompared in Pig. 7 with experimental results tion are Somewhat novel. Although the model is
for n aceleatin amlitde o 0- g- nasuch composed of linear elements, the elastic and

asthese eprrlnadaawrusdtobin damping coefficients are defined to be functions

the frequency dependence of k and n.the excellent of vibration frequency. In addition, the ratio
fit to the data verifies the validity of the corn- of nonreactive (inert) to reactive mass in theo

putational procedures. model ;.s defined to vary directly with Input ac-

The generality of the model Is demonstrated celeration amplitude, and Inversely with the

in Pig. 8, where the calculated impedancti for square root of vibration frequency. Thus for any

1.0 g ac.lrlinamplitude ir cormpared to the given acoeieeraticn intenaitY, rost of the total

expeimetalresults from Subjects C and D. The mass Is inert at the lower froquencies, and be-

varitio oftnemodulus as predicted by the model copies more reactive, or "sprung," as frequency in-

proide a erygood approximation to the experi- creases. Thils Is consistent with previous experi-

menal esltsinboth magnitude and shape. The mental measurements whicii show the subject to

impdacephseangle from the model generally exhibit a "mass-like" response at lower freouencies

falswihi t-Aexperimentally measured !1rrits and a predominant damrcong response at higher fre-

for frequencies up to 14 Hz. For 1'4 to 30 Hz quencies. F-r any given frequency, Increasing

tne phase angle predicted by the modfil is general- the acceleration am,,litude Inicreases the amount
ly about 10 dog higher than the upper limit of the of inert, relative to total, rrabs. It is postu-

experimentally determined values. lated that increasing the Input Intensity could
cause "bottorr~injr," of certain suspended InternalI DISOUSSION organs (or "pa-.ts") and that such a system would
thus responc' in a more i.onreactive manner at the

The object of tthis Investigation Was to es- higher intenbities.

tablish experimentally the impedance response of Hoi, well the mnodel responds to input accel-

the sitting Rhosus monkey during 0.5 and 1.0 g erationr, greater than 1.0 g remains to be estab-

vibration at 2 to 30 Hz, and to develop a model lished. It Is Interesting to compare the results

which would prelict an impedance closely matching of Brcdersor' and Von Gierke (2) to thosp of the

that experimentally measured. The Impedance prese~it Investigation. A whole body elastic co-

response of the riodel (based upon the experimental- efficient of 51.7 lb/in, and a whole body damping

ly derived -oeffit'eieta presenteu in Fis.6 C' vio cnccfflicirnt c'f O~k( 1lh-sec./in, were reported for

closely matches tfttt experimentally measured a 1` .5 lb Rhesus monkey vibrated at 1.0 g. These

during 0.5 and 1.0 & vertical vibration (Figs. figares were extracted by matching the equation



for impedance modulus from the model of Fig. I Mechanical Impedance Investigation of Human Re-
to that experimentally establiened during '- and sponse to Vibration," AMRL-TR-64-91, Wright-
12-Hz Yibration. The miodel of the present study, Patterson Air Force Base. Ohio, 1964.
as shown in Fig. 2, yields (for a 14.5 lb Rhesus) 4 Lange. K. 0.. and Edwards, R. 0., "Force
a damping coefficient of 0.812 lb-sec/in. and Input and Thoraco-Abdominal Strain Resulting From
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ABSTRACT OF THESIS

ANALOG COMPUTER SIMULATION OF THE RESPONSE OF THE

i CIRCULATORY SYSTEM TO WHOLE-BODY ACCELERATIONS

The closed-loop response of the human circularc-t system to
whole-body acceleration patterns of both constant a-,d time-varying
periodic forms was simulated in this siudy. jilt responses of the

developed model were first determined. In a head-up tilt cardiac out-
put decreased, and in a head-down tilt it increased. ine.,, various
typtq of time-varying accrleration patterns with zero aserage value

i were applied to the model in a nonsynchronous manner (acceleration
cycle was independent of the heart cycle). For sinusoidal acceleration

z patterns the model's aortic pressure and flow responsos exhibited
. resonance in the 2 - 6 Hz frequency range, as has been cb!erved experi-

mentally; with 3 G peak acceleratio in uthis frequency range. peak
j left ventricular ejection flow r-ate increased 75%, aortic puiýe pres-

sure increased 330°/, and stroke volume, on a per-cycle basis,
increased over 40%. However, cardiac output was not changed under any
applied acceleration pattern with zero average value, although it was

. chianged with asymmetrical time-varying patterns (time-varying patterns

of zero average value cembined with a tilt). Time-varying acceleration

patterns were also applied in a s"nchronous manner. It was found that

mudel responses effected by nonsynchronous acceleraLions producing

long beat patterns could he reproduled synchronously.a

I

Ru,,cr Lee Stnrrcs

Date
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CHAPTER I

INTRODUCTION

It has become evident that acceleratory stresses imposed on man

in many of his modern envtronments can have substantial effects on

cardiovascular function. Investigators have been exploring these

effects for some time. The first studies in cardiovascular response to

whole-body accelerations dealt primarily with arterial responses to

constant acceleration patterns, such as those produced by centrifuges.

Later, arterial and venous responses were examined for prolonged

cnnntant u.cceleraticn patterns, as well as for constant patterns of

shorter duration. '"nua. the importance of certain time parameters of

whole-body acceleration, such as rate of onset of acceleration, duration

of acceleration, etc., became apparent, and time-varying accelerations

i1of various forms were imposed upon the cardiovascular systemI0. More '

recently, the effects on the cardiovascular system of time-varying

accelerations of periodic nature have been investigated ' 13 These

studies have shown that certain patterns of whole-body acceleration can

produce profound changes in the circulation. For example, !ome patterns

present stresses to the cardiovaRcular system which can dr-istically

reduce ttroke volume, whereas other patterns may be used to assist a

I ft.I



failing heart by increasing cardiac output. Primary emphasis in these

studies has been given to arterial responses. However, the earlier

constant-acceleration studies suggest that venous responses are also

an important part of the total cardiovascular response to whole-body

accelerations.

The purpose of this study was to analyze human cardiovascular

I response to whole-body Z-axis accelerations by means of a closed-loop

Sanalog computer simulation. The responses to both constant and time-

varying periodic acceleration patterns were studied.

F

I
I
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I CHAPTER IT

I DEVELOW•ME OF THE MOLEL

The systemic ci~culation involves the movement of blood through

the left heart and high-preqsure arterial system to the microcirculation

I and the return of the blood from the microcircul.ation into the right

heart through the low-pressure venous system. The pulmonary circulation

returns the blood from the right heart to the left heart. The arterial

I system has been studied extensively, and many arterial models, some

modified to account for whole-body accelerations, have been

developed 6 ' 1 5 . 1 9 . Although some venous studies have been mad47, under-

standitig of the role of the venous system in cardiovascular response to

whole-body accelerations is not nearly as advanced.

The divisions into which the circulatory system has been separ-

ated in this study and their abbreviations, also used as subscripts,

are listed below (see Fig. 4):

A. Heart and Pulmonary Section

I. Right Ventricle (RV)

2. Lungs (LG)

3. Left Ventricle (LV)

B. Arterial Sections

1. Aortic Arch (AA)

2. Upper Arterial Systcm (UAS)

C-3



3. Lower Arterial System (LAS)

4. Upper Capillary Bed (UCB)

5. Lower Capillary Bed (LCB)

C. Venous Sections

1. Upper Venous System (UVS)

2. Lower Venous System (LVS)

1 3. Right Atrium-Venae Cavae
.. Junction (R-A')

Heart and Pulmonary Section

j The equations describing flow through the heart and lung sec-

tions are similar to those used in an earlier open-loop model 6 . Con-

tractions of the ventricular sections were achieved by means of time-

I varying inverse compliances consisting of biased rectified sinusoids

operating at 1.25 Hz (75 beats/minute). The pulmonary section was

I- modeled as a linearly compliant element; its resistance was included

I with the ventricular valve resistances.

I Arterial Sections

The equations describing flow through the upper and lowtr

arterial sections are similar to those used in an earlier model 6
. The

equations for flow throug -I a aortic arch section have the same form

as RLC L-sectlon equations with the compliance parameter dVvided

between the ends of the section.

I IT- 4



The equivalent heights[l] determined by Camill 6 for the upper

and lower arterial systems of standing man were modified by the inclu-

sion of the ascending aortic arch section. This section'5 equivalent

height of 7.6 cm reduced the eauivalent height of the upper arterial

system to 29.7 cm and increased the equivalent height of the lower

arterial section to 50.3 cm.

The capillary beds wee represented as resistive elements in the

model.

I Venous Sections

There are several venous system characteristics and external

i mechanisms which affec: venous system function. One outstanding feature

is the nonlinear pressure-volume characteristic, which enables the

venous system to contain a large volume of blood at a relatively low

pressure without being excessively compliant, These large volumes

become especially important when whole-body accelerations are imposed

aince accelerations tend to produce volume shifts in the circulation1 0 .I

An empirical pressure..area relationship for a segment of vein

Sis shown in Fig. 1A . Assuming volume is proportional to area, the

I [i)y 'height" is meant the difference in elevation of the .wo ends of

a length of arte:y in an applied gravitational ficid. The "equivalent
Sheight" of a composite section representing branching flow, raised to

different heights has been shown to be the average height ,f thle

branches weighted aq their flow rates 6 '10.i

-v-



slope of this curve represents the compliance of a venous segment. In

P the model an spproximation to this compliance curve was u ed to represceIt

th3 compo3ite compliance of the venules and small veins in the upp2r

venous system as shown in Fig. IB and described )y the folloitng

equation:

VhUVS e(I-I)
PUVS CUVS (I1

I where V0 represents the total unstressed volume of :--he system, or the

volume at which the compliance changes value (see Appendix A). The

I. composite compliance of the lower venous systemwac represented likewise.

I A second very important characteristic of the venous system isI

venous valves. When accelerations wsich tend to reverse flow are

I applied, the valves close and substantially impede backflow, thus

1 partially preventing venouR pooling in the extremities. Physically,

these valves are located in some but rot all of the venules, small

I veins, and large veins. These valves were modeled by incorporating

Sideal valve models (ideal diodes) in the sections representing

equivalent venous flow (flow from the venules and small veins through

the large veins to the region of the right atrium)8. The ideal valve

Smodels modify the flow equations, producing unidirectional flow towards

the right heart:

- f!Puvs - PRA' - Q1JvsRuvs'dt, Q'LVS >01 "UVS PUS

n n I ... . 0ilU V k;v V - .o

•--6 .
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where QUVS represents bidirectional flow, which could occur during

accelerations if no valves were present, and QUvs represents modified

or physiological flow. The analog computer representation of this

piecewise-linear equation is shown in Fig. 2. The position of the

ideal valve in the circuit is at the end of the equivalent venous flow

section distal to the heart. This positioning corresponds to the obser-

vation that no anatomical valves exist in the venae cavae near the heart.

The third mechanism which affects venous function is the ability

of some of the large veins to collapse under low transmural pressures.

Physiologically, this collapse phenomenon manifests itself as a partial

collapse3, 4 occurring locally rather than throughout an entire vessel.

Examples of this phenomenon include jugular collapse and partial

superior vena cava collapse upon standing and collapse of abdominal and

leg veins in the head-down position12 . Therefore, thi- mechanism tends

to prevent or delay large volume shifts due to acceleration of the blood

in the large veins. In the model, changing the resistance of a venous

flow section without changing its inertance, since both vary with volume

or cross-sectional area, is analogous to local partial collapse. The

resulting flow 3quation ic of tle same form as Eq. (11-2) with RUVS

nonlinear as shown in Figs. 2 and 3; this step increase ii resistance

is a piecewise approximation to the continuous collapse deoicted in

earlier models1 4 '17. Flow in the lower venous system was modified

similarl,'. (In Fig. 3 RN is the resistance for the case of no collapse,

L- 8
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or "nonria!" flow resistance, and RC is the resistance during local

partial collapse, which is produced by volume shifts due to accelera-

tion. The volume at which local partial collapse is assumed to occur

is Vc and is also shown in Fig. lB.)

Although the external mechanism of muscle contractions and the

presence of negative intrathoracic pressure and its variations produced

by breathing affect venous function, these were not included in the

fl)
model for the sake of simplicity. However, they can hc added if

desired.

Since the heart, lungs, and capillary beds were assuned to have

an equivalent height of zero, the equivalent heights determined by an
l6

earlier ir.vestigator6 [or the arterial system were used as the equi-

valent heights of the venous systvm; therefore, hUVS = 37.3 cm and

hLvS = 42.7 cm, where h indicates equivalent height. Acceleratory

stresses modifikdflow equations in those sections of the model which

had non-zero equivalent height (see Appendix B).

The electrical equivalent circuit of the composite model is

shown in Fig. 4, and the corresponding parameter values are given in

Table 1. The polarities of the constant voltage sources in Fig. 4

represent a head-upward tilt; for a head-downward tilt the polarities

arc reversed. 'rimc-varying accelcrations; with zýer:, av(crad,, vahic are

ri1l
''These omissicn: 1.1,1.Y that 0 ,"extravascular pressure nI tht' circula-

tory system is zero.
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TABLE 1: Parameters of the Model

RESISTANCE INERTANCE COMPL:ANCE

dyne-sec yne-se2 cm_•5  OTHER

SECTION cm5  cm: dyne x 10"6 PARAMETERS

RV RTV 20

RpV - 10

LGC LG = 60,000

j I LV RV- lo;

SRAV = 20

I AA RAA x 4 8 . 2  LAA 2 CLAA 600;

CUAA - 600

UAS RUAS - 241 LIUAS - 33 CUAS w316

L iAS R LAS , 52.5 LLAS = 5.33 CUAS = 552

uCB RUCB - 4,000

I LCB R.LCB -1,400

Suvs RN uvs - 510 Luvs * 13 Curs - 3,560-- V0  474 cc

R o 4,100 VC - 382 cc•uvs Vuvs
US 70 C 15,000[ V = 2,060 cc

LVS RNLVS a 710 LLLV S - 0 LVS

CLVS 35,000 VCLVS 2,000 cc

RA' CRA 9,360

VI
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represented by the sources phVw (see Appendix B). The analog computer

diagram of the compositc model is shown in Figs. 5 and 6; the digital

voltmeter readings of the coefficient potentiometers and the parameters

represented by the corresponding potentiometer secting-amplifi-r gain

products are given in Table 2. All pressures were scaled in nmn Hg; all

other variableswere scaled in cgs units. The heart valves and their

abbreviations are tricuspid valve (TV), mitral valve (MV), pulmonary

valve (PV), and aortic valve (AV).
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TABLE 2. Analog Potentiometer Settings ane

Their Corresponding Parameteýo

Pot No. Pot Setting Parameter Represented

00 .666 I/gpv

01 .532 1 ICRA R-Tv

03 . 1/RTV

04 .157 I/CLC

05 .500 S.F.

06 .083 1/C uAALAA

07 .505 I/CuAALUAS

I 08 .314 1/Cu LI.AS

09 .141 Acceleratitont

i0 .820 l/CRA' LuvS

11 .312 1/CRA /LLVS

13 .919 Acceleration

14 .463 Acce•eration

15 .063 l/CLG

16 .200 S.F.

17 .133 I/R v

18 .666 I/RAV 4

19 .598 Acceleration

20 .083 LAA.Rv

21 .083 L/CLAALAA

22 .241 RAA/I.AA

23 .186 Acceleration

All accclurtrntifl potentiumeter sttilnPgs showi, arc for I Ct)TtfL

or peak acCulcrationH.

'U 
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TABEL 2 Continued

Pot No. Pot Settin• Parametcr Represented

24 .015 Blood Infusion~l.

31 .731 RUAS/LUAS

32 .950 1/CUAS
II33 .1I01 I/LUAs

35 .084 1!RUCg,

-36 .843 2/Cuvs

37 .256 1/LuvS

38 .392 RNuVs/LUVs

39 .199 V

40 .190 V

41 .1.00 V

42 .315 RCUVS/LuvS

44 .191 VCUVS

46 .985 RLAS/LLMA

47 .544 I/CldS

48 .625 1/LI..S

50 .238 l/RLC 2.

51 .184 I/C RvS

52 .951 I/LL k

53 .203 R VS / L,

I 54 .028 1.c.

I [l1.Potentiometer 24 was used to produce a constant signal which was

presented to a volume integraror for a sufficient period of time tu
build up blood volume in the L;stem. Potentiometer 54 was uqed to set
volume integrator initial conditions so thAt ov,.rloads would not occur
before the system reached a steady state. Together, these pitentio-
meters established a total sy-tem vulume of 4,800 cc.
1 his pot'nt J ometet repr.;ent s the finit( cormpl fanlt ("f I i cor re -

S(I
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CHAPTER III

RESULTS OF SIMULATING CIRCULATORY RESPONSES TO ACCELERATIONS

Constant Accelerations

The model's response to zcro acceleration, simulating msan in

the prone or supine position (all the blood vessels are assumed to lie

in the horizontal plane), is shown in Fig. 7. Only those variables o[

the model which have a phys!ological counterpart are shown. On the

arterial side these are left ventricular pressure (PLv), ejection flow

out of the left ventricle (QoLV), pressure in the lower aortic arch

S~(PLAA), volume of the left ventricle (VLV)[1-. flow through the aortic

arch (QAA), and pressure in the upper aortic arch (PUAA). The simulated

pressure PLAA corresponds to aortic pressure Just outside the left

I ventricle; PUAA corresponds to aortic pressurt at the junctio.i of the

j aorta and the carotid and subclavian arteries. On the venous side the

variables shown are pressure outside the right ventricle oAr composite

"I preosure of the right at~rium and large veins (PR), flow into the

Sright ventricle ((IRV)' and pressure in thc right ventricle (PRV)-

[lIn r r r
In the model V,.v (OILV QOLV)dt = 'QILvdt - "QoLvdt" where OILV

is flow into the left ventricle and the last intrgral reprcsents strole

volume (SV); since QITV and %LV always; occurred in different portion,

3 of the heart cycle, tne valu" of SV is the absolute ditfurence between

end-diastolic VLV and end-systoltc VLV.

C- 17
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Upper Aortic Arch

Pressure (mm Hg)

15-

Aortic Arch 400 -
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SFigure 7. Continued
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Some of the physiological counterparts of these variables are shown in

Fig. 8.

Model responses to zero acceleration which are not shown are

pressures and flows in the upper and lower arterial and vcno)us systems

and in the lung section. The upper and lower arterial systems'

pressures and flows were similar in detail to those generated by an

earlier, open-loop model 6

The volume distribution throughout the model with zero accelera-

tion is shown in the following table:

TABLE 3. Volume Distribution of the Model

Venous Sections Thoracic Sections Arterial Sections

UVS 580 cc RV 50 cc LAA 81 cc

RA' 120 cc LG 6 2 0 cc UAA 81 cc

LVS 3,000 cc LV 144 cc UAS 40 cc

LAS 71 cc

The total system volumewms approximately 4,800 cc.

The model's response to positive 1 G acceleration, simulating a

head-up tilt, is shown in Fig. 9. Response of the riodel to negative

1 G acceleration, simulating a head-down tilt, i; shown in Fig. 10.

For a simulated head-up tilt, lung, ventricular, and upper

venous system volumes decreased, and lower ventous system voluic increased,

The volume changes were quantitatively similar to chose ohsrved experi-

mentally in man11 . These effectswere r(v'rs-ed in a simulated head-down
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tilt. In the head-up tilt collapse of the upper venous segment between

UVS and R9 did occur and QUVS ,Us altered accordingly; however, in the

head-down tilt collapse of the lower venous segment between LVS and RA'

Aiý not occur.

Nonsynchronous Time-varying Accelerations

Time-varying accelerations of periodic nature were applied to

tha mocal in a nonsynchronous manner. Nonsynchronous accelerations a'e

those which are applied in a continuous mode--the acceleration pattern

is now. related to the heart cycle. This situation of two independent

ofcillatorswas characterized by the production of heat patternsJl] in

I the flows and pressures in the model.

A typical rLsponse of the model to nonsynchronous time-varying

acceleration producing long beat patterns is shown in Fig. I1A, where

I the acceleration pattern is sinusoidal with a peak amplitude of 2 G

I and a frequency of nearly 1.25 Hz. Figure liB shows a selected portion

of Fig. 11A recorded at a faster chart speed.

A typical response of the modal to nonsynchronous time-varying

I acceleration producing short beat patterns is shown in Fig. 12A, where

[l)The period of a beat pattern is the length of time required for a
nonsynchronous periodic Acceleration pattern to "drift throt-gh" the
heart cycle so that its occurrence, or timing, in a particular heart

I cycle is similar to that in an earlier cycle. This timing can he

indicated by defining a parameter tD ao the timc: delay in !nilliseconds

between the positive zero crossing of acceleration and the initial riseI in the inverse compliance curve or pressure of the left ventricle.
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the acceleration pattern is sinusoidal with peak amplitude of 3 G and

frequency of 3 Hz. An experimental response to this same acceleration

pattern is presented in Fig. 12B9

Response of the model to nonqynchrenous sinusoidal accelerations

of different amplitudes and frequencies is shown in Figs. 13A, 13B, and

13C. ýhe experimental variables are defined as follows:

(I) LMAX: maximum difference of pressure in the lower
aortic arch (PLAA) during any singlc excursion6 ,g

(see Fig. 12B).

(2) QMAX: maximum peak left ventricular ejection flow (OOLv)

during a single heart cycle 6 ,9 (see Fig. 12B).

(3) QHIN: minimum peak left ventricular ejection flow (QOLV)
during a single heart cycle6,9 (see Fig. 125).

(4) SVMAX: maximum stroke volume of a single heart cycle
(see Fig. 12A).

S(5) SV11N minimum stroke volume of a single heart cycle
(s,ýe 'ig. 12A).

Response of the model to other nonsynchronous time-varying

accelerations was alsec deterrined. For the case of square-wave

acceleration patterns, LPMAX' IMW IMINI SVMAX, and SVMIN urves were

obtained which were similar to the ccrresponding curves presented in

1 Figs. 13A, 13B, and 13C hut which had generally greater deviation from

I control than the sinusoidal responses for any given G level.

A nonsynchronous asymmetric rectangular waveform of I G peak

magnitude and a frequency of approximately 1.25 IIz was applied to the

i E- 28
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modelclJ. Shown in Fig. 14 is the model's response to this waveform.

A selected portio,: cf the slow chart speed is shown at a faster chart

speed. Note that SV is above the normal value of 68 cc for all

acceleration timings. For a 2 G rectangular waveform with positive and

negative portions of the same durations as for the I G case above, the

model's responses were similar to, but greater in magnitude than, the

1 0 responses.

Synchronous Time-varvyin Accelerations

I A time-varying acceleration pattern is considered synclironoum

if its frequency is a fixed integral multiple of the heart frequency.

In this idealized situation no beat patterns result; i.e., each cycle

of the model's response is identical to the previous cycle, once the

model reaches steady-state (usually after only a few cycles).

Several patterns of synchronous time-varying acceleration were

applied to the model. Shown in Fig. 15 is the response of the model

to synchronous sinusoidal acceleration of 1.25 Hz, 2 G peak amplitude, I

and tD 0 0 milliseconds.

Presented in Fig. 16 is the simulated stroke volume when

bynchronous sinusoidal accelerations of 1.25 Hz and I G and 2 G peak

[))In the model an acceleration pattern with a non-zero aver.age value

is the same as a pattern with zero average value combined with a tilt.

The average value of this I G rectangular waveform is about -1/3 G,

corresponding to an approxiimate 19" h.ad-dow,, tilt.
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amplitude were applied to the model at various valuea of tD. The

simulated stroke volume obtained with square-wave accelerations of

1.25 Hz and 1 G and 2 G amplitude, in which t D was again the parameter,

was similar to that shown for sinusoidal accelerations in Fig. 16 in

the sense that stroke volume was never substantially dil-ferent from

that of zero acceleration.

In Fig. 17 the model's response to a synchronous asymmetric

rectangular acceleration pattern of 1 C peak amplitude and t0 = 760

milliseconds is shown. This rectangular waveform has the same positive

and negative durations as the nonsynchronous rectangular acceleration

pattern described earlier (p. 2 8).
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CHAIMER IV

DISCUSSION AND CONCLUSIONS

Constant Accelerations

In the prone position the arterial waveforms of the model are

similar to those observed physiologically. However, the model's peak

Sleft ventricular pressure and mean left ventric,,lar volume are higher

than those observed in man, whereas stroke volume and pulse pressure

are lower. Although the discrepancies could ha'e been reduced by

reducing both the frequency and magnitude of the ventricular compliance,

a normal heart rate was first chosen and a magnitude of the compliance

was then selected which compromised stroke volume and left ventricular

I pressure accuracies.

The venous waveforms of the model do not match physiological

data as accurately as the arterial waveforms since such factors as

negative intrathoracic pressure, breathing, and right atrial contrac-

I tions were not taken into account in the model. Thus, right atrial

junction pressure seems rather high, but this pressure is a composite

pressure due to the extensive lumping of the model and its exact

I physiological identification is not possible. ]1owever, it is somewhat

similar in waveform to right atrial pressure in man. The right
I
I •- 40
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I

ventricular pressure waveform can be made mure like its physiological

counterpart by decreasing the resting ventricular compliance, but this

i change results in high initial flow into and out of the right ventricle.

Therefore, more steady flows were achieved at the expense of the right

ventricular pressure simulation,

Because the values of arterial compliance needed to reproduce

arterial pressure waveforms accurately in the model were much smaller

than physiological values, volumes were very low in the upper and lower

arterial sections. With linear compliances it is impossible to achieve

In a highly lumped arterial model the degree of simultaneous accuracy

of pressure and volume possible in 3 more distributed model. If

arterial volumes were to be raised by increasing arterial compliance

in the lumped model, the arteri~l pressure waveforms would lose much

of their characteristic variation. On the other hand, if volumes were

to be raised by increasing mean arterial pressures, serious inaccuracies

in pressure and flow waveforms throughout the model would result.

Since an error in arterial volume is a small percentage of the total

system volume, arterial volume accuracy was secrificed for pressure

accuracy.

The above situation was circumvented on the venous side of the

model by using plecewise-linear compliances, which provide large

j residual volumes at zro presrures. The parallel combination of many

j '- 41
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venous segments which have the pressure-volume characteristic depicted

in Fig. IA (p. 7) would ideally contain a rather large volume at zero

pressure but would begin to resist volume increases once all the

segments have been filled to the point of dLtention. This observation,

together with the fact that large venous volumes do exist at relatively

low pressures although the venous system i; not excessively compliant,

provided the basis for postulating an overall p essure--volume relation-

ship cuch as that of Fig. lB. In agreement with physiological observa-

tion, the upper and lower venous systems of the model contained most of

the venous volume 2 . The thoracic volume of the model was low because

of the simplicity of the lung model. However, the venous and thoracic

volumes were similar to the general volume distribution obtainud ii a

more extensive model
1 7.

Since, in a head-up tilt, nervous regulation is involved in

adjusting the compliance of the physiological system (venomotor tone),

the slopes of the prcssure-volume relationships for the venous sections

of the model, which have no nieural cuntrol simulations, were chosen to

result in volume shifts of proper magnitudel 1 and therefore to repre-

sent compliance values averagu.d over all condition5 of venomotor tone.

When a man stands up, aortic and left vcntricular prassures

and stroke volume tend to decrease; however, nervous control changes

s- 42



in peripheral resistance and venomotor tone occur, tending to raise

these quantities 7 ,'1,16. Still, cardiac output will be down by as

truch as 20 percent because the decrease in stroke volume more than

offsets the increase in heart rate5 . In the model changes in peri-

pheral vesistanceswew not simulated; therefore, in a simulated head-

up tilt aortic and left ventricular pressures and ntroke volume

decreased to about 60 to 70 percent of their original value. These

responses are similar to those obtained in a more detailed model

operating with only one nervous control loop (heart-rate control),1 8

but the percentage decreases in the detailed model were greater than

those in the model used in this study.

A majot difference between simulated and physiological tilt

response occurred with right atrial pressure during a head-down tilt.

In the model this pressure increased, whereas it has been consistently

found to decrease with a head-down tilt in manlO' 1 1  This apparent

limitation of the model was caused in part by the extensive lumping

of the upper venous system compliance, much of which was placed at

heart level (CRA,) in the model As a result, the shift in bloodI
volume away from heart level and the associated shift in hydrostatic

indifference point 11 induced by a simulated head-down tilt were not

as large in the model as those that would be obaorved experimentally.

However, thli limitation was an advantage in other ways. Both the
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model and anesthetized animals1 showed increases in stroke volume and

lower venous system flow under conditions of head-down tilts. In the

model, increased stroke volume car, be related directly to increased

PK ,which should cause in sequence increases in right ventricular,

pulmonary, and left ventricula.: pressures and volumes, These increased

pressures and volumes should bring about increased stroke volum2a sit..

the inverse compliance curve of the left ventricular mode'l is invariant

under postural changes. In the animals, neurally-controlled changes

in peripheral resistance and venomotor tone, hearz rate, and ventricular

compliance probably occurred, more than offnetting the decrease in

right atrial pressure i.d resulting in a net increase in stroke volume.

Excessively large volume shifts related to large acceleratory-

induced pressure changes on the venous side of the modcl were avoided

by using piecewise-linear resistances to reduce flows under those

conditions. These discontinuities simulated the increase in resistance

to blood flow that occurs physiologically when local partial collapse of

large veins occurs as, for exanple, during a head-up tilt,

Elucidation of the model's responses to tilt experiments is

provided by examination of the heart-lung section of the model. It

appears thot change in mean flow rate through the simple herert-lung

section is determined by the change in mean right atrial pressure

(Pp',,~) together with the change in mean pressure outside the left

t 1 14



ventricle (PLA). For example, if Pr is held constant while P

RA' LAA
is decreased, flow rate through the heart-lung section will increase

(as has been observed in an open-loop model 6 with head-up tilt); or,

if PRj is held constant and P L increased, flow should decrease.

Conversely, when PLAA is held constant and PRA is allowed to change,

the flow should decrease if PRAi is decreased and increase if PRA is

increased, Now, consider postural changes in a closed-loop model

where both PRA and PLA change. In the head-up tilt, where PRX

decreased 36% and PLAA decreased 25%, stroke volume decreased 38%. In

the head-down tilt, where PRA increased 34% and PLAA increased 28%,

stroke volume increased 327.. In all the preceding cases It is seen

that stroke volume of the model varies with right attial pressure; in

addition, if a linear dependence of stroke volume on PRA/ and PLAA is

assumed, it is found that the influence of PPA' on stroke volume is

about twice as great as the influence on PLAA" Thus, in the model

constant accelerations affect mean right atrial or filling pressure,

which in turn affects stroke volume. The importance of the effect of

postural changes on right atrial pressure hes also been recognized in

physiological studies7

Time-varying Accelerations

Comparison of Figs. 12A and 121 shows sfmilarity between pres-

,ure C!IA .n"l. . recponcc abtalnad f•vu, 01v - ,udul fu simulared sinuuoiaai
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accelerations and responses obtained experimentally with whole-body

sinusoidal accelerations. Also, the 6P AX and peak Q curves of Figs.

13A and 13B seem to match experimental data 9 more closely than these

curves produced by an open-loop model 6 because the curves of Figs. 13A

and 13B have a wider frequency response. Thus, there is fairly good

I qualitative and quantitative agreement between the model investigated

in this study and experimental results. However, these agreements must

be viewed in light of the fact that although the simulated accelerations

j were applied directly to the model, che experimental accelerations may

be modified by the unknown transfer function between the shake table

and the cardiovascular system.

I The response of the simulated stroke volume (Fig. 13C) indicates

the fact that for any particular sinusoidal acceleration pattern, stroke

volume was en-hanced during one portion of the "eat pattern and diminished

I for the other portion of the beat pattern in such a way that cardiac

1 output was about the same as for zero acceleration. In addition, at

multtip!es of the heart frequency, stroke vnlume was near control through-

out the length of the beat pattern.

j Although the square-wave accelezation pattern affected great

changes in pressures and large peak flow rates in the model, it did not

increase cnrdlac output at either 1, 2, or 3 G peak amplitu,'es. As in

I the case for sinunnidal acceleration, simulated stroke volune was first

enhanced and then decreased within a beat pattern in such a way that

I cardiac output did not increase.

46
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The rectangular waveform in Fig. 14 provides an excellent

example of simulated stroke volume when the acceleration pattern was

asymmetrical. The figure shows that for tinoe-varying acceleration

patterns cardiac output could be changed using an asymmetrical pattern.

It is also seen that this pattern resulted in increased mean right

atrial and lower aortic arch pressures, which is similar to the results

obtained for constant accelerations in a head-downward tilt. Thus, it

mIy have been the tilt that produced the increased filling pressure and

increased cardiac output.

Comparison or Fig. liB to Fig. 15 and Fig. 14B to Fig. 17

illustrates a result that was consistently found in this study; that is,

the simulated responses of the model occurring at a particular timing of

an acceleratory pattern which was producing long beat patterns could be

reproduced synchronou'ly by using the same pattern and timing. Synchro-

nous accelerations at heart frequency and multiples of theart frequency

were used and, in all cases examined, reproduced the responses obtained

with nonsynchronous acceleration of corresponding pattern and timing.

These results indicate that any transient responses resulting from

acceleratory timing changes wvre of relatively short duration.

Because of inertial effects the responses of the ,nodel to

simulated time-varying accelerations were more difficult to analyze

than the responves to simulated constant accelerations. However, some
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observations were consistently evident. For example, when the direction

of acceleration of a square wave pattern shifted to headward, the initial

response in PIAA (lower aortic arch pressure) was a slight ri.e, indi-

cating a shift of blood toward the heart in the ascending aortic arch

section. Since this section had a smaller inertance and was closer to

the left ventricle than the other arterial sections, it determined the

initial response of P The length of this section (7.6 cm) limited

j the magnitude of the rire. The initial rise in P 1 A was followed bwy a

considerable drop, corrcsponding to a shift of blood footward (away from

I the heart) into the lower arterial system, reducing volume and therefore

preosure in the aortic arch. After a longer interval, PAA increased to

near original values as the blood in the relatively high-inertance upper

I arterial system shifted footward (toward the heart). This aortic refill-

f ing may have been assisted by backflow from the lowe- arterial section lD.

These effects were reversed when the direction of acceleration -hifted

to footward. With sinusoidal accelerations similar eifects ,.ere present

but were often lot as evident because this acceleratory pattern tended to

smooth the inertial effects much more than a pattern with abrupt changes.

The oscillatory frequency of the step response of the lower arterial

section was about twice that of the upper section, so tha,, cepending

on the initial conditions imposed on the sections by previh,,s accelera-

tion, the second oscillatory half-cycle (Fitit compliatt ra'ction) of

the lower section may have occurred during the fiLc;t oscil.arory half-

cycle (primar: in•rtial respon e) of the upper section.

E
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From the preceding discussion it is evident that if left ven-

tricular ejection is to be enhanced by modifying aortic pressure in

the model, an acceleratory pattern must be chosen which optimizes the

inertial effects of all the arterial sections. In this study some

synmetrical acceleratory patte:ns increased peak left ventricular

ejection flow rate by nearly 100% for a portion of the usually long

I beat pattern (Fig. 13B). However, these patterns did not produce

4 marximum stroke volumes; rather, maximum stroke volumes occurred at

acceleratory frequencies producing short beat patterns (Fig. 13C).

I Heart cyc!3s with large stroke volumes were preceded or followed by

cycles with low stroke volumes. As a result, over a beat period

cardiac output remained about the same as for zero acceleration. Thus,

with symmetrical accelerations large peak ejection flow rates could be

I produced synchronously, but increased cardiac output could not be sus-

tained. With an asymmetrical acceleratory pattern increased cardiac

output was sustained although pcak left ventricular ejection was not

I maximized (Figs. 14 and 17). Therefore, optimization of the inertial

effects of the arterial system may not result in increased cardiac

output.

The data obtained in this study do not iudicate that zero-mean

accelerations caused sustained increases in right atrial p-essure.

This observation might partially explain why increased cardiac output
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did not occur with symmetrical acceleratory patterns, since cardiac

output varied with mean rightatrial pressure under applied constant

acceleration. Although time-varying accelerationq combined with tilts

did increase mean right atrial pressure and cardiac output, it is not

evident that the time-varying patterns were responsible for these

changes.

Variation of Model Parameters

In the nonlinear venous secLions of the model three parameter

values have not been identified physiologically; these are Vol VC, and

RC (Chapter II). The value of V0 of a section was chosen in conjunc-

Stion with the value of finite compliance to give approximately normal

operating volumes and pressures in the prone position. The value of

VC helped to determine the amount of volume a section would lose due

to sustained acceleration. The parameter RC determined how the flow

was curtailed to prevent excessive volume loss of a section. With!

constant accelerations the system responded in an overdamped manner

with large values of RC and ini an underdampcd manner with relatively

small values of RC. Thus, for a simulated tilt, RC could be adjusted

so that the steady-state equivalent flow through a venous section was

almoot constant, as with zero acceleration, or exhibited flutter,

h1ich is characteristic of flow through a vertical collapsible tube1 2.

r5a
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The acceleratory patterns which invokedRC and the infinite

compliances were constant accelerations or , .me-varying accelerations

of low frequency. For example, with sinusoidal acceleratory patterns

of 1, 2, and 3 G's peak amplitude and frequencies from 0.5 to 10 Hz,

SVVOu for all frequencies below 1.5 Hz and Rc was invoked only
UVS UVSUVS

by the 1 G, 0.5 Hz pattern. For the sinusoidal patternF above and all

other acceleratory patterns in this study, VLvs>VO in all cases and
LVS

R C US was never invoked.

Variation of the phase between the simulated right and left

i ventricular contractions (p. 4) did not appear to change the model's

responses to accelerations. Pressure and flow responses to simulated

acceleratory patterns with ventricular contractions in phase were

i identical to those responses obtained with ventricular contractions

1800 out of phase. The inverse compliances simulating ventricular

contractions used in this study are presented in Fig. 18.

IJ.
ConclusionsI

1. Some of the major conclusions drawn from this study are:

7 1. Simulated tilts produced sustained responses in cardiac output: in

head-up tilts cardiac output decreased, in head-down tilts it

I_ increased.

1 2. Simulated zero-mean time-varying accelerations did not change cardiac

output, although they did change peak left ventricular ejection flow

I
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Lef t Ventricular
I inverse Compliance,

0/L (t vls V -IOV 332 dynes/t72V

1 Right Ventricular
inverse Compliance

I Times 4,4/CRV(t)

(volts) 2.5 oV - 13 ,ns

Fiue1.1;uain of Ventricular Contractions in I
I - the Model.
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rate by 75% snd aortic pulse pressure by 330%. On a per-cycle

basis, stroke volume was also changed by 40% or more.

3. A simulated head-down tilt combined with 3 zero-mean time-varying

I acceleratory pattern did produce increased cardiac output.

4. The model's aortic pressure responses to zero-mean sinusoidal

accelerations exhibited resonance in the 2 - 5 Hz frequency range,

I and the peak aortic flow responses were most extreme in the 2 - 6

S1.z zange. Resonance of these quantities in these frequency ranges

has also been observed experimentally 9 and in an open-loop model 6 .

I 5. Model responses effected by nonsynchronous time-varying accelera-

tions producing long beat patterns could be reproduced synchronously.

1 Recommendations for Improvement of the Model

1. Active right atrium. This study has shown that the effect of

accelerations on right atrial pressure is important; therefore.

1 the timing of accelerations with respect to venour sytem events

may be an important factor in changing cardiac output. The sensi-'I
tivity of cardiac output to right arrial pressure in the model

I indicates that the timing of venour acceleration with respect to

right atrial contraction may modify cardiac output.

2. More detailed puimonary model. This addition should produce better

tilt responses in the model since the lung is known to have an

I
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I

I

equivalent heiglt10 and might produce sustained changes in cardiac

output with zero-mean time-varying acceleration.

3. If the inclusion of (2) results in sustained changes in stroke

volume with zero-mean accelerations, the timing of left ventricular

filling pressure is probably important and an active let!! atrium

would be desirable.

I

i
I

II

I
I

r I

I
I
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APPENDIX A

The inclusion of a piecewise-linear pressure-volume character-

istic, postulated for the upper and lower venous systems of the model

investigated in this study, could conceivably introduce error into the

I performance of the system in the following way. Consider the piecewise-

linear pressure-volume relationship

v = (A-P).

The derivative of Eq. (A-1) with respect to time is!
dV CdP PdC (A-2)

dt dt dt

Where dt represents the difference between flow in and flow cut of a

section. Since C may be discontinuous in time, the last term in Eq.

(A-2) may be impulsive in nature if the discontinuity in C occurs at

P 1 0. If volume were computed by direct integration of Eq. (A-2),
I

' I step changes could result in system volume, an underairable condition.

SHowever, volumes were computed in this study in such a way that discon-

tinuities did not occur, as can be argued by considering Fig. 5 (p ).

If a step change in Vovs or VLVS is assumed, it would be integrated

I and produce a continuous feedback flow signal; thos, the aisumed step

change ina volume must he a consequence of impulsive flow from the

I
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preceding section of the model. However, flow from the preceding section

cannot be impulsive even with a step change in volume in that section

because a step change in volume would produce a step change in pressure

and therefore, at most, a finite discontinuity in flow. Applying this

dV
reasoning to all model sections shows that the impulsive Lt required

to produce a discontinuity in volume was not generated in the analog

model.

E- 5
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APPENDIX B

In order to determine the effect of external forces upon a

composite section of flow in the model, consider the axial acceleration

of a rigid ibe of length h and cross-sectional area A in wiich a

Newtonian fluid subjected to an axial component of gravitational

acceleration g and an axial pressure gradient (PI - P 2 ) is undergoing

- laminar flow (as in Fig. 19A). A force balance for this section can

be written

S(PI P 2 ) A - W - F m(V+VN) (B-)

-there: V - mean velocity of blood with respect to wall,

VW = velocity of wall with respect to Newtonian frame,

I W a weight of fluid in section, and

F = viscous forces.

Since W phAg, where p is fluid density, Eq. (B-1) becomes

V . '"0 [(PI - P2 )A " phAg - phAQW - F]dt (B-2)

when rearran3ed and integrated to solve for V. If the viscous forces,

F, are assumed proportional to the velocity, V, then

F KV R(
F a V = g= QR, (B-3)
A A A
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Figure 19A. Axial Acceleration of a Rigid Tube

Containing a Newtonian Fluid with Direction

of Acceleralion the Some as That of the

Original Fluid Acceleration.

.P,

I v

h yI'1h x

W --- Area =A

Figure 19B. Axial Acceleration of a Rigid Tube

Containing a Newtonian Fluid with Direction

of Acceleration Opposite That of the
-6 1inl,,u r luid ^,.,-A , I #., ;,.

F 58



K
where Q = VA is a volumetric flow rate and R = - is interpreted as the

fluid resistance of the section. Making these assumptions and express-

Sing L =_ as the inertance of the section produces the follow.ng modi-
A

ficatiun of Eq. (D-2):
rIs

Q I[P P2 - ph(,, + Vw) - oRIdt. (B-4)

For a section in which V is in the negative Z-direction (Fig. 19B),

O - L [pI - P 2 + ph(6 + V) - •R.dt. (B-5)

From Eqs. (B-4) and (B-5) the effect of external forces upon

S8 composite section of flow is to modify the flow by instantaneously

increasing or decreasing the pressure gradient depending upon the

instantaneous directions of the external forces and the direction of

the flow. Since accelerations appear as pressure modification terms in

the model, they were simulated by series voltage sources in the RLC

vascular sections (Fig. 4). The polarities of all sources for all

acceleration patterns were determined from Eqs. (B-4) and (B-5).

The effect of the earth's gravitational force was simulatLd in

this study by the conditions of VW-- 0 and

(a) g = 0 G (prone position)

(b) g = +1 G (head-up tilt)

I (c) g = -1 G (head-down tilt)

1 The effe,:t of time-varying whole-body accelerationg was simulated by

UUU L , .. ...)I .. ... •L.6, . ...... W, t k t . . .. , CL LJ -V CUagt v--fur%..
F -o 

w l t h 
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The combined effect of gravitational and time-varying accelerations was
1

simulated by g = - - G (an approximate 190 head-dewn tilt) and VW a
3

time-varying periodic waveform.

I

I

I

I
I

I
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